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A  SURVEY  REPORT  OF  CURRENT  PROBLEMS  IN  PREVENTION  OF  FATIGUE 


H.  J.  Grover  and  A.  A.  Mittenbergs* 


INTRODUCTION 


The  literature  on  fatigue  of  metals  is  volumi¬ 
nous  and  is  growing  rapidly.  It  is  estimated  that 
more  than  8000  articles  exist,  •'hat  these  are  in¬ 
creasing  by  at  least  800  per  year,  and  that  the 
increase  is  growing  more  than  10  percent  per  year. 
This  does  not  include  an  immense  number  of  articles 
(such  as  those  on  fracture  mechanics  or  those  on 
nondestructive  inspection)  which  are  pertinent  but 
not  directly  listed  in  regard  to  tatigue. 

A  number  of  books  and  sunnary  articles  deal 
with  fatigue  [see,  for  example.  References  (1) 
through  (12)].  With  few  exceptions  [and  these 
generally  are  older  books  such  as  Reference  (1)], 
'■ach  emphasizes  a  particular  aspect  such  as  basic 
mechanisms (8) ,  low-cycle  fatigue!5),  or  fatigue  of 
aircraft  structures!.2#3**’.?*) .  Moreover,  there 
appears  to  be  no  summary  account  that  covers  com¬ 
pletely  such  practical  considerations  as  field 
inspection  for  warning  of  fatigue  damage. 

V 

Accordingly,  the  DefenseMetals  Information 
Center  was.  roqiirsfed^W  conducl?4  brief  survey  of 
the  present  state  of  knowledge  about  fatigue  with 
wide  coverage  as  to  applications  and  with  particu¬ 
lar  emphasis  on  means  of  earl/  detection  of  fatigue 
damage. 


The  survey  has  excluded  consideration  of 
reports  of  proprietary  interest  and  of  reports  with 
security  classification.  Hew'-— 'r,  it  has  included 
information  from  various  breaches  of  the  U.S.  Army, 
the  U.S.  Navy,  the  U.S.  Air  Force,  and  the  National 
Aeronautics  and  Space  Administration.!  In  addition, 
considerable  background  information  l/as  been  avail¬ 
able  in  the  files  of  the  Defense  Metals  Information 
Center  and  in  the  records  and  experience  of  other 
groups  at  Battelle’s  Columbus  Laboratories.  This 
survey  is  based  on  information  selected  from  sever¬ 
al  thousand  reports  that  have  been  available. 

The  results  of  such  considerations  as  have 
been  possible  are  described  in  the  following  pages 
with  the  objectives  of: 


(1) 

(2) 


Delineating  the  current  state  of  know, 
ledge i 


.Indicating  some  of  the  current  research 
toward  increasing  this  knowledge^,  c  _ 


(3)  Jointing  out  areas  where  further  work 
"seems  desirable.  >  x 

TOE  BASIC  MECHANISMS  OF  FATIGUE 


Fatigue  has  been  defined  as  "the  process  of 
progressive  localized  permanent  structural  change 
occurring  in  a  material  subjected  to  conditions 
which  produce  fluctuating  stresses  and  strains  at 
some  point  or  points  and  which  may  culminate  in 


*  Senior  Fellow  and  Associate  Fellow,  respectively, 
Mechanical  Engineering  Department,  Battelle  Memori¬ 
al  Institute,  SOS  King  Avenue,  Columbus,  Ohio  43201 


cracks  or  complete  fracture  after  a  sufficient  num¬ 
ber  of  fluctuations".  A  great  deal  of  effort  has 
been  oxpended  toward  obtaining  some  insight  into  why 
excessive  structural  damage  and  cracking  may  be 
caused  by  fluctuating  stresses  in  contrast  to  less 
severe  disruption  under  a  steady  stress  of  the  same 
maximum  value.  While  present  understanding  is  in¬ 
complete,  considerable  progress  has  been  made. 

Major  advances  were  made  by  and  summarized 
in  the  work  of  GoughU3).  He  showed  that  fatigue 
cracking  in  ductile  metals  is  a  consequence  of  local 
slip.  Some  years  ago,  Orowan!14)  emphasized  the  im¬ 
portance  of  redistribution,  subsequent  to  local  slip, 
of  local  stresses  and  strains  in  successive  fluctua¬ 
tions  of  loading. 

More  recently,  improved  techniques  of  obser¬ 
vation  (such  as  use  of  the  electron  microscope  and 
of  etch  pit  techniques  for  indicating  dislocations 
in  certain  materials)  have  permitted  study  of  details 
of  the  local  slip  under  cyclic  stressing.  There  now 
exists  considerable  evidence  that  fatigue  cracks 
usually  start  at  a  free  surface  in  notches  created 
by  the  local  slip  developed  under  repeated  stresses. 
These  notches  may  be  extrusions  or  intrusions  or 
other  discontinuities  depending  on  the  material  and 
on  the  local  stress  field.  The  manner  in  which  the 
local  slip  develops  and  produces  notches  (and  even¬ 
tually  microcracks)  is  the  subject  of  much  current 
study.  Grosskreutz(8)  has  summarized  the  state  of 
knowledge  up  to  a  few  years  ago  and,  with  support 
from  the  Air  Force,  is  pursuing  further  studies  and 
attempting  to  keep  abreast  of  current  research  in 
other  laboratories. 

Dolan (8)  has  pointed  out  that  increased 
understanding  of  the  nature  of  fatigue  may  be  sought 
at  various  levels  of  consideration  as  suggested  in 
Figure  1.  As  one  proceeds  from  Level  (a)  to  Level 
(d) ,  each  step  introduces  additional  factors  that 
influence  fatigue  behavior.  Considerations  at  the 
level  of  the  physics  of  solids  usually  refer  to 
single-crystal  specimens  and  involve  such  depar¬ 
tures  from  extreme  simplicity  as  the  presence  of 
dislocations  in  the  crystal.  At  the  next  level, 
designated  for  convenience  as  the  level  of  metal¬ 
lurgy,  added  parameters  are  crystals  with  varied 
o  ientation  with  respect  to  the  nominal  stress 
field,  intercrystalline  boundaries,  possible  pre¬ 
cipitates  of  other  phases,  and,  in  practical  ma¬ 
terials,  inclusions  and  voids.  The  ordinary  labor¬ 
atory  test  coupon  involves  also  items  of  design 
(such  as  necessary  fillets)  and  of  fabrication 
(working,  machining,  and  surfacing).  Components 
include  additional  parameters  of  design  and  com¬ 
plexities  of  stress  analysis  as  in  fasteners. 

Finally,  a  complex  structural  assembly  may  have 
assembly  stresses  and  load  distributions  not  account¬ 
able  in  engineering  stress  analysis;  moreover,  in 
many  situations,  service  loadings  are  not  known 
with  exactness. 

It  is  somewhat  a  matter  of  semantics  as  to 
what  level  constitutes  basic  mechanisms.  In  this 
survey  we  will  consider  this  to  include  both  Level 
(a)  and  Level  (b)  in  Figure  1.  On  this  basis  it 
is  clear  that  even  if  basic  eiechanisms  were  thorough¬ 
ly  understood,  it  would  not  necessarily  be  possible 
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FIGURE  I.  VARIOUS  LEVELS  OF  CONSIDERATION 


(1)  Considerable  work  is  going  on,  but  a 
complete  understanding  does  not  seen 
imminent . 


to  construct  a  complex  assembly  with  conplete 
reliability.  Additional  factors  in  the  assembly 
will  be  too  numerous  (and  frequently  too  imperfectly 
known).  Hence,  structural  testing  and  allowance 
for  statistical  variation  of  various  factors  will 
remain  necessary  even  when  basic  mechanisms  of 
fatigue  become  well  understood. 

Study  of  basic  a*  ch  mi  sms  is  important  be¬ 
cause  this  nay  (1)  provide  clues  to  improve  nate ri¬ 
als  and  (2)  develop  sound  bases  for  empirical 
testing  and  design  formulations.  Such  research  is 
currently  being  sponsored  by  many  Go.emment 
agencies  and  also  pursued  independently  by  some 
industrial  laboratories  and  laboratories  of  uni¬ 
versities  and  of  research  institutes.  Many  of 
the  developments  that  seen  pertinent  to  aircraft 
are  summarized  regularly  at  meetings  of  the  Inter¬ 
national  Committee  on  Aeronautical  Fatigue  (iuAF) 
by  the  U.S.  representative, (15)  other  readily 
available  sources  of  information  about  current 
progress  are  the  reports  of  ASTM  Committee  E-9  and 
summaries  of  research  by  the  Air  Force,  the  Army, 
and  the  Navy  (these  may  be  available  only  to  quali¬ 
fied  requestors). 

In  summary  of  this  brief  account  of  the  status 
of  information  on  the  basic  nature  of  the  fatigue 
of  metals,  it  appears  that: 

(1)  The  process  is  directly  concerned  with 
localized  slip.  While  many  observa¬ 
tions  of  details  have  been  made  with 
modern  techniques,  the  critical  mechan¬ 
isms  have  not  been  fully  delineated. 


(3)  Many  complicating  factors  have  been 
identified,  including  some  significant 
ones  in  processing,  in  design  and  fab¬ 
rication,  and  in  assembly. 

Because  of  Item  (2)  and  Item  (3),  it  is  now 
necessary  to  seek  much  practical  information  on  an 
empirical  basis.  Because  of  Item  (3),  this  re¬ 
quirement  is  likely  to  remain  for  the  foreseeable 
future. 

EMPIRICAL  INFORMATION  CONCERNING  FATIGUE 

Empirical  information  tray  be  obtained  by 
tests  of  material  coupons,  components ,  or  complete 
structures.  Tests  may  bo  run  on  carefully  prepared 
metal  coupons  with  the  objective  of  obtaining  data 
on  the  potentialities  of  a  particular  material  in 
one  or  more  specific  conditions  of  metallurgical 
structure.  Tests  on  components  may  bring  out  addi¬ 
tional  features  of  the  response  of  the  materials  to 
such  factors  as:  design  discontinuities,  fabrication 
processes,  vending,  or  other  joinifg  procedures. 
Tests  of  large  assemblies  (up  to  and  including  full- 
scale  structures  such  as  a  comlete  aircraft)  pro¬ 
vide  information  about  further  factors  such  as 
as'eably  stresses,  possible  unexpected  distribution 
of  stresses  and  strains  from  external  loads,  and 
effects  of  complex  load-time  patterns  simulating 
those  anticipated  in  service.  For  each  of  the  three 
classes  of  tssts,  there  are  r-aiy  possible  variations 
so  that  a  complete  summary  is  impossible  in  a 
limited  discussion. 


The  three,  in  the  order  listed,  present  decreasing 
generality  of  application:  information  from  fatigue 
tests  on  a  material  may  be  applicable  to  many  uses 
of  that  material,  while  information  from  fatigue 
tests  on  a  structuie  may  be  mainly  applicable  only 
to  closely  similar  structures.  Accordingly,  the 
following  discussion  emphasises  the  empirical  in¬ 
formation  from  fatigue  tests  on  materials  and  is 
intended  mainly  to  outline  the  kind  of  information 
available  (and  possible  gaps  in  such  information). 


(4)  Failure  is  usually  complete  fiacture 
of  the  small  test  specimen. 


"Curves"  arc  usually  drawn  "by  eye" 
through  data  points;  information  is  only 
occasionally  enough  for  formal  statis¬ 
tical  evaluation  [see,  however.  Refer¬ 
ence  (16)]. 


When  tests  have  been  run  at  several  values  of 
R  (or  of  A)  constant-lifetime  diagrams  (often  called 
Goodman  diagrams)  like  that  in  Figure  3  may  be  de¬ 
rived.  Such  a  diagram  provides  a  compact  represen¬ 
tation  of  considerable  data.  Many  such  diagrams 
are  given  in  MIL-HDBK-SAO?)  for  materials  of  inter¬ 
est  in  aircraft  and  aerospace  vehicles;  these  have 
been  derived  on  the  basis  of  careful  consideration 
of  rather  extensive  data.  Table  1  li'ts  alloys  for 
which  such  data  are  now  available. 


Empirical  information  on  the  fatigue  pro¬ 
perties  of  materials  has  been  summarized  [see, 
foi  example.  References  (1)  through  (12)  and  (15) 
through  (20)].  Nevertheless,  there  are  two  reasons 
for  a  brief  account  here:  (1)  there  are,  as  will 
be  noted,  some  areas  in  which  it  seems  more  diffi¬ 
cult  to  get  data  on  the  fatigue  properties  of  ma¬ 
terials  and  (2)  some  background  in  regard  to 
empirical  observations  is  important  to  assessment 
of  the  potentialities  and  limitations  of  means  of 
inspection  for  incipient  fatigue  dasags. 


There  are  several  sources  of  data  on  other 
materials,  although  these  data  are  generally  less 
complete  ana  'ess  thoroughly  assessed.  MIL-HDBK-5A 
has  some  tabulated  values  for  materials  for  which 
there  is  too  little  information  available  to  plot 
diagrams  such  as  Figure  3.  The  Aerospace  Structural 
Metals  Handbook^)  (of  somewhat  limited  availability) 
has  a  fa'r  amount  of  "typical"  fatigue-test  data. 

The  Highway  Structures  Design  Handbook (19)  has 
some  fatigue-test  data  on  structural  steels  (in¬ 
cluding  Cor-Ten  and  T-l).  A  report  written  several 
years  ago(lb)  contains  a  considerable  collection  of 
fatigue-test  data  on  steels.  Belfour  Stulen,  Inc., 
operates  a  Mechanical  Properties  Data  Center  under 
contract  to  the  U.S.  Air  Force;  properties  (in¬ 
cluding  fatigue  test  data)  are  stored  on  IBM  cards 
or  on  magnetic  tape;  for  a  service  charge,  a  re¬ 
quester  can  obtain  data,  including  correlative  in¬ 
formation  (composition,  heat  treatment,  etc)  on 
fatigue  behavior  of  materials  for  which  the  Center 
has  information. 


"Conventional"  Fatigue  Tests 


The  most  extensive  tests  of  the  fatigue 
properties  of  materials  have  been  run  at  varied 
ranges  of  stress  amplitude,  and  results  have  been 
reported  in  the  form  of  S-N  curves  such  as  illus¬ 
trated  in  Figure  2.  There  are  several  conventions 


ALLOY 


Some  general  comments  on  the  available  "con¬ 
ventional"  fatigue-test  data  are: 

(1)  Many  data  are  available.  However,  the 
number  of  possible  combinations  (com¬ 
position,  heat  treatment,  test-specimen 
design  and  preparation,  and  testing  con 
ditions)  is  so  large  that  data  exactly 
appropriate  to  a  specific  need  may  not 
be  found.  Interpolations  nay  be  useful 
extrapolations  may  be  unwarranted. 


NOTCHED 


AL 

ALLOY 


Materials  of  wide  use  in  the  aircraft 
industry  have  been  especially  thoroughly 
studied  and  test  results  for  these  ma¬ 
terials  have  been  evaluated  and  collected 
in  MIL-HD8K-5A.  Data  on  some  other  ma¬ 
terials  (including  many  structural  steels) 
are  less  well  organized  and  available 


FIGURE  2.  "CONVENTIONAL"  3-N  CURVES 


(Tests  run  at  constant  stress-atplitude 
and  to  failure  by  rupture) 

(1)  For  each  specimen,  the  stress  amplitude 
is  held  constant  during  the  test,  and 
so  is  some  selected  value  of  mean 
stress. 


For  reasons  noted  in  subsequent  sections,  there  are 
limitations  to  the  practical  applicability  of  the 
"conventional"  fatigue-test  data. 


(2)  The  mean-stress  condition  is  designated 
by  a  value  of  R  (retio  of  minimum 
stress  to  maximum  stress)  or  of  A  (ratio 
of  stress  amplitude  to  mean  stress). 

(Si  The  stress  values  are  "nominal”;  that 
is,  without  adjustment  for  stress 
concentration  factors. 


Khen  nominal  stresses  are  high  (and  the  life 
times  short),  the  constant  stress  amplitude  test 
has  limitations.  Strains  have  large  plastic  com¬ 
ponents  and  are  not  directly  proportional  to 
stresses.  Figure  4  shows  a  suggestion  by  Manson(S) 
that  a  logarithmic  plot  of  the  ’mplitude  of  plastic 
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X 

Ej  -  5.1 

1500 

OdlMt  300 

— 

X 

E,  -  3.4 

1200,  1650 

Tltnlia  eiioy 

Sll-!8£47 

147.0 

X 

!  ■  2.47 

ST,  400,  u50<b> 

4A1-3HO-1V  (ST4  ) 

196.0 

tr 

E*  -  2.82 

ST,  600,  800 

641-47 

172.0 

X 

El  -  2.82 

ST,  6C0,  800 

13V-llCr-341 

138.5 

X 

E'J  -  3.0 

ST,  600,  800 

13V-llCr-341 

174.5 

X 

t  a 

SI,  600,  800 

FICSJRE  4.  METHODS  OF  REPRESENTING  FATIGUE  TEST  WBOLTS 
OVER  A  IABGE  SAKE  OF  HFETTKES 


(Note:  curves  approximately  fitted  to  data  in  annealed  4150  steel) 


strain,  Aep,or  of  the  aaplitude  of  elastic  strain, 
Aee  against  life tine  nay  give  an  approximately 
straight  line  hut  a  logarithm c  plot  of  the  total 
strain  amplitude,  tct,  against  lifetine  stay  be 
curved.  Manson's  book  provides  a  good  account  of 
information  on  low-cycle  fatigue  behavior  and  a 
considerable  collection  of  data;  he  has  additional 
data  in  later  pape/s  [see,  for  example.  Reference 
(20)].  Additional  information  on  low-cycle  fatigue 
behavior  may  be  found  in  numerous  recent  re¬ 
ports.  (21-26)  jj,  this  field  is  currently 

being  sponsored  by  the  U.S.  Navy,  the  O.S.  Air 
Force,  and  NASA- -generally  on  materials  and  under 
conditions  of  particular  interest  to  the  agency 
sponsoring  each  task.  The  Metals  Properties 
Council  ot  the  Engineering  Foundation  is  sponsoring 
work  including  a  literature  search  on  low-cycle 
fatigue  in  power  generation  and  chemical  and 
petroleum  equipments 

Coffin,  in  a  '  cent  article^27),  writes 
”a  degree  of  information  now  exist*  for  the  low- 
temperature  (below  the  creep  range),  low-cycle 
fatigue  problem,  although  there  are  a  number  of 
unresolved  questions  . . .  the  material  behavior 
becomes  very  much  more  complicated  at  elevated 
tec  'statures  because  of  the  occurrence  of  creep 
and  other  diffusion  processes". 


As  illustrated  in  Figure  $,  the  progress  of 
fatigue  say  be  considered  in  three  stages: 


(1)  In  some  nuxber,  N,,  of  cycles,  a  small 
crack  develops.  There  may  be  two  sid- 
stig es:  initiation  of  a  microcrack  and 
early  growth  of  this  to  a  somewhat  larger 
crack. 


(2)  Propagation  of  a  crack,  for  Nj  cycles 
occurs  in  a  manner  Which  nay  follow  a 
rather  regular  "las". 


(5)  final  rupture,  perhaps  in  a  quarter  cycle, 
occurs  after  the  crack  has  readied  a 
length  critical  for  the  material,  the 
applied  load,  and  the  test  piece  or 
structural  part.  Evaluation  of  the 
critical  crack  length  before  rupture 
can  be  of  major  importance  in  estimating 
the  fatigue  life  of  a  structural  com¬ 
ponent. 

In  the  put  5  years,  a  great  deal  of  attention  has 
been  devoted  to  stage  (2),  crack  propagation.  A 
recent  review  of  theories (28)  not  only  summarizes 
many  of  the  approaches  that  have  been  suggested,  but 
also  contains  a  significant  amount  of  data  on  alu- 
wirruu  alloys  and  a  bibliography  of  some  155  references 


•4any  critical  parts  of  structures  undergo 
loading  conditions  acre  complex  i  n  a  repeated 
constant  amplitude  of  stress  (or  of  s  rain).  A 
complex  spectrum  can  be  analysed  in  tei jrs  of  n» 
cycles  at  each  nominal  stress  amplitude  t>^  Th< 
most  widely  used  criterion  of  fatigue  under  such 
complex  loading  is  the  Miner-Paimgren  relation 


where  Nj  is  the  number  of  cycles  to  failure  under  a 
constant  stress  amplitude,  S^.  Now  it  has  been  shown 
that  this  criterion  is  v>.  ing  in  special  cases,  and 
numerous  alternative  "theories”  of  cumulative  dam¬ 
age  have  been  suggested. (3)  Some  of  the  consider¬ 
ations  of  redit tribution  of  lccai  vt-esses  and 
strains  have  been  clarified  but  there  is  yet  no 
approach  that  seems  satisfactory  in  all  cases. 

The  situation  has  important  implications  In 
engineering  practice.  One  recour'e  has  been  to  test 
components  and/or  full-scale  structures  under  a 
spectrum  of  loading  considered  representative  of 
expected  service;  this  entails  questions  of  proper 
representation  of  ser.ice  loadings  and  possible 
effects  of  statistical  departures  of  individual 
structures  from  the  representative  loading  in 
the  test.  Cumulative  damage  under  a  load  spectrum 
alsc  requires  consideration  of  inspection  and  main¬ 
tenance. 


Environmental  Factors 


As  conditions  of  use  of  materials  become 
more  severs  and  as  more  efficient  behavior  of  ma¬ 
terials  is  pursued,  effects  of  environments  become 
increasingly  important.  This  discussion  considers 
three  environmental  factors:  temperature ,  fre¬ 
quency,  and  "corrosive"  surroundings. 

Various  means  of  increasing  engine  performance 
and  the  development  of  supersonic  aircraft  are  pro¬ 
moting  increasing  interest  in  elevated-temperature 
performance  in  fatigue.  This  involves  consideration 
of  such  items  as:  thermal  stresses  and  stress 
cycles,  degradation  of  material  strength  under 
elevated-temperature  exposure,  and  the  interaction 
of  creep  and  fatigue.  These  considerations  are 
currently  being  pursued  especially  by  and  under 
sponsorship  of  the  U.S.  Air  Force  and  NASA.  On  the 
other  hand,  there  is  (in  connection  with  space 
vehicles  and  other  applications)  increasing  interest 
in  fatigue  at  cryogenic  temperatures .  Reference 
(37)  indicates  some  of  the  current  considerations 
in  this  area  and  includes  a  short  bibliography. 

Frequency  is  one  of  the  factors  affecting 
acoustic  fatigue,  which  is  also  affected  by  creep 
at  elevated  temperatures  and  corrosion  fatigue 
interactions.  In  this  area,  there  are  particular 
difficulties  in  relating  the  acoustic  field  to 
fatigue  behavior  of  materials  such  as  indicated  in 
conventional  S-N  curves.  A  large  part  of  the  diffi¬ 
culties  involves  translation  from  acoustic  descrip¬ 
tions  of  the  field  to  local  stresses  and  strains  in 
the  material;  such  translation  is  extremely  depen¬ 
dent  on  geometry.  Another  concern  is  damping  pro¬ 
perties  of  material.  Some  of  these  considerations 
are  discussed  in  Reference  (35). 


FIGURE  5.  THREE  STAGES  OF  FATIGUE-CRACK  PROPAGATION 


Many  investigators  have  tried  to  develop 
relations  of  fatigue-crack  growth  rates  and  the 
linear  fracture  mechanics  stress  intensity  (see 
paper  by  P.  C.  Paris (8)).  At  present,  it  seems 
uncertain  to  what  extent  (particularly  in  the 
range  of  high  stresses  and  gross  plasticity)  this 
approach  will  be  fruitful. 

Seme  additional  data  on  fatigue-crack  pro¬ 
pagation  are  given  in  References  (29)  through  (?A). 
These  indicate  not  only  current  intorest  in  fatigue - 
crack  propagation,  but  also  concern  for  the  effect 
of  such  parameters  as  temperature  and  environment 
'  '  rates  of  crack  growth. 

A  practical  concern  is  that  a  material  with 
greater  resistance  to  fatigue-crack  initiation  than 
another  material  uay  not  necessarily  have  slower 
crack  growth  nor  endure  a  larger  critical  crack 
length  before  catastrophic  rupture.  Which  pro¬ 
perty  is  more  important  for  a  specific  application 
depends  on  details  of  that  application.  Realization 
of  the  possible  importance  of  the  propagation  stage 
also  affects  inspection  considerations --as  dis¬ 
cussed  later. 
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The  interaction  of  the  environment  with  the 
fatigue  behavior  of  a  metallic  structure  is  of  in¬ 
creasing  importance  in  many  applications.  Perhaps 
the  most  concern  about  environmental  factors  in 
fatigue  has  been  expressed  by  the  U.S.  Navy.  Al¬ 
though  other  "corrodents"  are  important  in  particu¬ 
lar  applications,  the  effect  of  saline  water  is  an 
outstanding  problem.  Accordingly,  many  investiga¬ 
tions  of  this  are  being  pursued  both  "in-ho  ise,:  and 
through  cont  xts  by  various  branches  of  the  Navy. 

At  present,  there  is  much  evidence  that  an  aqueous 
environment  (particularly  one  with  metallic  salts) 
can  be  extremely  detrimental  to  the  resistance  of 
a  material  both  to  fatigue-crack  initiation  and  to 
fatigue-crack  propagation.  There  is  not  yet  a  com¬ 
plete  understanding  of  the  mechanisms  involved  and 
the  number  of  parameters  is  very  great  so  that 
empirical  results  are  hard  to  generalize.  Another 
concern  is  that  of  fretting  and  resulting  fatigue- 
crack  initiation;  the  effect  of  fretting  is 
generally  very  dependent  on  environment.  Some 
account  of  factors  in  corrosion  and  fretting  is 
g.  ven  in  Reference  (3) . 

SOME  CURRENT  PROBLEM  AREAS 

The  large  number  of  parameters  affecting 
fatigue  behavior  and  the  great  variety  of  signifi¬ 
cant  details  in  application  make  it  difficult  to 
generalize  about  problem  areas.  The  following 
notes  are  intended  to  illustrate  some  current 
concerns.  The  items  are  based  on  several  publicly 
available  i„-orts,  a  few  reports  made  available  for 
this  survey,  and  discussions  with  individuals  in 
various  Government  agencies. 

Quality  Control 

It  is  true  today,  and  may  be  expected  to 
be  true  in  the  foreseeable  future,  that  many  fatigue 
failures  in  service  may  be  attributed  to  imperfect 
control  of  material  (Including  impurities,  heat 
treatment,  and  strain  hardening)  and  of  fabrication 
(including  forming,  machining,  and  joining).  In 
such  instances,  it  is  not  lack  of  technological 
background  that  is  contributory  so  much  as  lack  of 
training  of  inspectors  to  appreciate  details  that 
can  be  important  in  fatigue  and  lack  of  communi¬ 
cation  among  all  concerned  with  design  and  pro¬ 
duction  and  maintenance,  and  lack  of  time  and 
effort  in  the  exigencies  of  getting  soue  vehicle 
into  or  back  into  service. 

One  effort  toward  helping  improve  shop 
practice  and  inspection  procedures  is  illus'.rated 
by  the  U.S.  Navy  publication  of  pamphlets  ruch  as 
"Tips  on  Fatigue"l39)  that  point  out  some  jf  the 
many  defects  which  can  decrease  the  resistance  of 
a  part  to  fatigue,  \nother  help  is  the  development 
of  improved  techniques  of  inspection  toward  elimin¬ 
ation  of  possible  uncertainties  in  human  judgment. 

Materials  and  Processing 

The  aluminum  alloys  so  extensively  used  in 
aircraft  have  been  relatively  thoroughly  explored 
in  regard  to  fatigue  behavior.  These  have  been 
studied  with  respect  to  many  conditions  of  impor¬ 
tance  in  application:  under  axial  loading  at 
many  values  of  mean  stress,  for  many  severities  of 
notching,  at  low  cycles  as  well  as  for  long- 
lifetime  fatigue,  with  regard  to  crack  propagation 
as  ,  ’,1  as  total  time  to  rupture,  and  under  several 
conditions  of  temperature  and  of  environment. 


Although  steels  were  studied  in  fatigue  before  the 
aluminum  alloys.it  is  mere  difficult  to  find  sys¬ 
tematically  tabulated  extensive  data,  except  perhaps 
on  oA2  4130  and  SAE  4340  steels.  A  number  of  "new" 
steels  (Co^-Ter.,  Man-Ten,  T-l,  HY-80,  maraging,  etc.) 
have  been  tested  in  fatigue  under  somewhat  limited 
condition  so  that  assembling  a  relatl  ■  'ly  complete 
picture  for  any  one  is  difficult.  In  general,  the 
tests  that  have  been  run  on  these  materials  have 
related  to  particular  application  problems. 

There  is  current  interest  in  titanium  alloys-- 
and  these  are  beginning  to  have  a  considerate  back¬ 
ground  of  empirical  fatigue-test  data. (40-43) 
Stainless  steels  and  special  alloys  for  elevated- 
tempeiature  applications  are  also  b^ing  studied 
rather  extensively. 

The  number  of  parameters  for  consideration 
in  a  material  such  as  a  steel  of  particular  com¬ 
position  makes  assessment  of  the  complete  picture 
of  fatigue  behavior  time  consuming.  In  addition 
to  the  variables  in  heat  treatment,  many  processing 
factors  require  consideration. 

Industrial  metals  and  alloys  are  not  entirely 
uniform  in  composition  or  density.  Among  variations 
in  the  ingot  stage  are  porosity,  segregation  of 
chemical  elements,  and  impurities.  The  latter  may 
be  present  in  solution  or  as  mechanically  held 
particles  called  inclusions.  Fatigue  behavior  is 
sensitive  to  most  irhomogeneities  and  particular 
attention  has  been  given  to  the  importance  of  in¬ 
clusions.  Undoubtedly,  the  variations  in  inhomo¬ 
geneities  resulting  from  melting  practices  contribute 
much  to  tte  observed  "scatter"  of  fatigue  strength 
properties  of  specimens  of  any  alloy.  Since  there 
is  no  positive  way  to  eliminate  inhomogeneities,  it 
is  necessary  to  use  the  cleanest  material  possible 
and  then  allow  for  scatter  in  the  fatigue  strength. 

The  mechanical  working  of  an  ingot,  as  in 
forming,  rolling,  or  extrusion,  tends  to  break  up 
inclusions  and  to  give  a  preferential  orientation 
to  grains  and  to  leave  residual  stresses.  These 
tendencies  influence  the  fatigue  strength  of  the 
wrought  material.  Thus,  the  fatigue  behavior  of  a 
particular  material  must  be  assessed  for  the  par¬ 
ticular  condition,  cast  or  wrought,  in  which  it  is 
to  be  used. 

Heat  treatment  and  hardening  are  other  pro¬ 
cessing  variables.  Carbon  and  lew-alloy  steels  are 
transformation-hardening  alloys.  That  is,  they  are 
strengthened  by  a  fast  transformation  from  austenite 
to  mixtures  of  ferrite  and  carbide.  There  are  a 
number  of  procedures  which  may  be  followed  in  heat 
treatment  to  produce  such  a  transformation.  These 
include:  rapid  quenching  and  tempering,  martrmper- 
ing,  austempering,  maraging,  marstraining,  and 
aus forming.  Not  all  of  these  are  suitable  for  all 
steels  in  all  section  sizes,  but  those  suitable  for 
a  particular  steel  need  consideration  as  parameters 
influencing  the  fatigue  behavicr  of  the  final  pro¬ 
duct.  In  many  nonferrous  metals  (aluminum  alloys 
and  titanium  alloys  are  examples)  hardening  is  pro¬ 
duced  by  precipitation  of  small  particles  that  in¬ 
hibit  deformation  processes.  This  may  be  obtained 
by  rapid  cooling  from  a  high  temperature  (a  solution 
heat  treatment)  followed  by  aging  at  room  temperature 
or  at  an  elevated  temperature.  For  some  alloys, 
stretching  in  the  solution-treated  condition  before 
aging  modifies  the  properties.  Some  high-chromium 
steels  with  the  addition  of  nickel  retain  the 
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austenitic  slrt  •  -»  on  quenching,  but  the 
crystal ,J  .  *tatt>  c*.-.  ‘  reai*».ed  by  plastic 
.  ration  to  result  in  a.  i^rder  material— this 
it  called  strain  hardening.  The  effect  of  strain 
ha-deni,  g  also  influences  the  fatigue  properties 
-f  the  product. 

All  of  the  aethods  of  hardening  produce 
inere  es  in  static  strength  properties  but 
generally  less  than  a  proportional  increase  in 
fatigue  strength.  Moreover,  in  most  cases,  the 
not^.jd  fatigue  strength  does  not  increase  as 
rapidly  with  increasing  tensile  strength  as  does 
the  unnotched  fatigue  strength.  Thus,  coaplete 
assessment  of  a  Material  requires  consideration 
of  the  parameters  of  forming  and  of  heat  treatment 
or  hardening  as  well  as  those  of  composition  and 
degree  of  purity. 

Since  fatigue  cracks  almost  always  start  at 
a  free  surface,  the  condition  of  the  surface  is 
an  important  factor  in  ihe  fatigue  behavior.  There 
are  astallurgica)  surfacing  processes  (such  as 
esse  hardening  of  steels),  chemical  surface  pro¬ 
cesses  (such  as  pickling,  etching,  surface  deposi  - 
tion),  and  mechanical  surface  treatments  (sL-h  as 
peering  and  rolling).  Sur  e  processing  is  an 
important  parameter  in  the  ft  .  gue  behavior  of  a 
material . 

Because  assessment  of  the  fatigue  character¬ 
istics  of  a  material  requires  consideration  of  so 
many  parameters,  such  assessment  is  seldom  complete. 
Preliminary  estimation  can  be  made  by  taking  such 
fatigue  data  as  are  available  for  particular  con¬ 
ditions  and  modifying  these  from  general  knowledge 
of  the  effect  of  different  parcaeters  ou  alloys  of 
the  same  class  to  whatever  condition  may  be  of 
interest  for  a  particular  application.  Such  . 
estimates  are  necessarily  speculative  end  warrant 
checking  by  direct  experimental  tens  whenever 
fatigue  strength  of  the  material  ia  an  important 
consideration. 

Long-Lifetime  Fatigue 


A  majority  of  fatiguo  failures  in  aircraft 
(both  helicopters  and  fixed  wing)  have  been  "long- 
lifetime”  ones— say,  100,000  cycles  or  more.  This 
is  on  area  in  which  consideration  may  be  in  terms 
of  nominal  stress  (rather  than  nominal  strain) 
values. 

Some  idea  of  areas  of  interest  for  aircraft 
may  be  obtained  from  the  reviews  presented  at 
meetings  of  the  International  Committee  on  Aero¬ 
nautical  Fatigue. f15)  Areas  of  current  research 
include:  basic  mechanisms,  effect'  6f  metallur¬ 
gical  parameters,  new  materials  and  extension  of 
use  of  existing  materials,  studies  of  load  environ¬ 
ment,  and  studies  of  structural  design  and  reli¬ 
ability.  The  concern  for  load  environment  warrants 
note;  it  is  being  recognised  that  one  limitation 
in  ability  to  predict  fatigue  behavior  is  lack  of 
full  understanding  of  loads  due  to  gusts ,  maneuvers , 
landing  ispacts ,  ground  operations,  acoustic 
fields,  etc. 

A  study  of  aircraft  failures,  sponsored  by 
the  O.S.  ArayC4*),  also  indicates  problems  related 
to  the  c  rrent  research.  Of  basic  airframe  failures 
in  -  sample  of  six  types  of  aircraft,  about  40  per¬ 
cent  were  ascribed  to  corrosion  and  fatigue.  Fac¬ 
tors  noted  for  helicopters  included  cracking  of 


rotor-blade  hubs,  separation  of  bonded  metal  joints 
on  rotor  blades,  erosion  of  rotor-blade  leading 
edges,  and  difficulties  in  sustaining  rotor-blade 
balance.  The  U.S.  Navy  has  had  problems  in  carrier 
lan,'  js  and  i.aktoffs:  with  cables  and  arresting 
gear  as  well  as  with  landing  gear  on  the  aircraft. 

An  important  po<nt  is  that  many  problems  are  so 
concerned  with  specifics  of  design  and  service  con¬ 
ditions  that  generalization  is  extremely  difficult. 
Hence,  men  research  is  net  readily  generalizable 
toward  application  to  other  specific  problems. 

There  are  long-lifetime  fatigue  problems  in 
other  defense -oriented  applications.  One  ia  in 
ground  equipment,  which  includes  track  vehicles. 

In  discussion  of  problems  in  this  area  with  engineers 
at  the  U  S.  Any  Tank  Automotive  Center,  the  follow¬ 
ing  impressions  were  received: 

(1)  The  bulk  of  problems  with  suspensions 
are  quality- control  problems. 

(2)  There  are  some  problems  with  such  items 
as  track  pins  and  shoe  bodies  where 
there  are  uncertainties  either  in  use 
jf  new  materials  (such  as  T-l  and  HY 
steels)  or  in  analysis  of  actual  working 
stress  values. 

(3)  There  is  interest,  partly  cat  account  of 
improving  damping  of  vibration,  in 
composite  materials  including  some  of 
the  foamed  plastics. 

The  problem  areas  in  such  application  have  been 
extremely  difficult  to  classify  on  the  basis  of 
the  Information  available  in  this  survey. 


The  generalities  listed  in  tho  preceding 
section  apply  particularly  to  long-lifetime  fatigue. 
For  short-lifetime  fatigue,  the  behavior  of  a 
particular  material  in  an  elastic-plastic  condition 
becomes  important.  At  the  present  state  of  know¬ 
ledge,  prediction  of  the  fatigue  behavior  in  this 
low-lifetime  region  requires  direct  tests  of  the 
material.  There  is  some  evidence  that  the  fatigue 
strength  is  less  sensitive  to  some  of  the  para¬ 
meters  mentioned  for  long- lifetime  fatigue.  How¬ 
ever..  thero  is  not  yet  agreement  as  to  the  best  way 
to  appraise  a  material  for  an  application  in  which 
low-cycle  fatigue  may  be  important. 

One  area  of  current  interest  in  low-cycle 
fatigue  is  that  of  fatigue  cracking  in  cannon  bores. 
In  large-diameter  (for  example,  175-millimeter)  gun 
tidies,  it  appears  that  small  cracks  develop  in  the 
rifling  grooves  near  the  breach  end  after  a  very 
few  firings.  Under  subsequent  firings,  one  or  more 
of  these  may  grow  in  length  and  in  depth  through  the 
thick  wall  of  the  cannon  bore.  When  this  crack  has 
grown  to  some  critical  depth,  the  next  firing  may 
cause  rupture  of  the  tube.  Considerable  effort  has 
been  expended  at  some  of  the  arsenals  in  investi¬ 
gation  of  this  process  with  the  objective  of  greatly 
extending  the  number  of  firings  of  a  particular 
cannon  bore.(*5)  Current  research  includes: 

(1)  Fatigue  studies  of  thick  specimens  of 
appropriate  steels.  These  include 
eaphasis  on  determination  of  crack  depth 
growth;  there  is  also  consideration  of 
means  of  delaying  crack  initiation  (an d/ 
or  early  growth). 
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(2)  Pressure  cycling  tests  on  gun  tube 
sections.  Ihere  Is  also  consideration 
of  future  possibilities  of  hydraulic 
cycling  in  the  field. 

(3)  Development  of  Methods  of  nondestruc¬ 
tive  inspection  appropriate  for  gun 
tubes.  These  include  a  rotating 
electromagnetic  Method  and  ultrasonic 
devices . 

Long-range  plans  involve  extensive  studies  of  gun- 
tube  Materials  and  ef  processes (such  as  auto- 
frettage)  in  regard  to  fatigue  resistance. 

Low-cycle  fatigue  behavior  is  of  i-oncem 
in  many  pressure-vessel  applications,  ranging  froa 
turbine  engine  disks (46?  to  materials  o*  Interest 
for  submersible  vessels. (47)  Many  reports  related 
to  specific  applications  are  restricted  for  pro¬ 
prietary  reasons  or  by  security  classification. 

In  general,  there  is  current  concern  for  more 
information  on  low-cycle  fatigue  behavior  of  many 
materials  and  under  varied  environments.  One  area 
of  great  interest  to  the  U.S.  Navy  is  that  of  HY 
steels,  welded  and  in  seawater. 

Crack  Propagation 

Interest  in  fatigue-crack  propagation  char¬ 
acteristics  of  materials  has  been  mentioned  in  the 
preceding  section  on  empirical  information.  In 
service,  the  crack  growth  rate  may  be  of  out¬ 
standing  concern,  particularly  in  regard  to  ti*-. 
intervals  for  periodic  inspection.  This  intervt 
must  be  short  erough  that  a  crack  just  smaller  tha 
that  detectable  with  whatever  inspection  means  is 
used  will  not  propagate  to  a  sire  critical  for  the 
structural  part  during  the  time  before  the  next 
inspection.  Both  the  critical  size  and  the  pro¬ 
pagation  rate  depend  on  the  geometry  of  the  part 
and  the  loads  and  environment  as  well  as  upon  the 
material  involved. 

The  large-bore  gun  tube  mentioned,  with 
respect  to  low-cycle  fatigue  is  one  situation  in 
which  crack  growth  rates  are  of  considerable 
engineering  importance.  In  this  situation  it  is 
recognized  that  small  c  acks  may  initiate  after 
a  very  few  rounds*.  If  the  crack  growth  is  slow, 
the  cannon  may  have  a  long  lifetime  after  the 
crack  initiation;  it  is  important  to  know  this 
time  as  accurately  as  possible. 

Wheels  on  large  aircraft  may  have  a  long  safe 
lifetime  after  detectable  cracks.  Here  also  it 
is  important  to  have  some  knowledge  of  the  rate  of 
crack  propagation. 

Other  instances  sight  be  listed  where  know¬ 
ledge  of  crack  propagation  rates  could  be  tied  in 
directly  with  inspection.  Thero  is  much  current 
interest  in  both  long-lifetime  fatigue  and  in  low- 
cycle  fatigue  in  delineating  the  crack  propagation 


♦Some  of  the  heat  checks  observed  do  not  develop 
into  fatigue  cracks  of  major  importance,  so  that 
it  is  not  clear  exactly  what  fraction  of  total 
lifetime  is  covered  by  the  relatively  regular 
growth  called  here  "propagation".  It  is  agreed 
that  this  stage  may  cover  a  major  portion  of  the 
lifetime. 


portion  of  the  total  l*?etime.  This  interest  is 
parties -’•l;  involved  i.i  tVe  fail-safe  design  of 
aircraft. 

Other  Concerns 

In  a  sense,  the  two  areas  of  long-lifetime 
fatigue  and  low-cycle  fatigue,  with  concern  in  each 
for  the  possible  utility  of  separation  of  chases  of 
crack  initiation  and  crack  propagation,  cover  the 
whole  field  of  fatigue  concerns.  However,  there  are 
other  classifications,  consideration  of  which  help 
delineate  current  problem  areas. 

Since  most  parts  and  components  do  not  under¬ 
go  constant-amplitude  loading  in  service,  there  Is 
continued  concern  in  developing  methods  to  allow 
for  cumulative  damage.  One  aspect  of  this  concern 
is  increasing  emphasis  upon  trying  to  define  ser¬ 
vice  loadings  with  increasing  sophistication.  Some 
examples  include:  in  aircraft-  gust,  maneuver, 
landing,  and  cabin  pressurization  loading;  in  track 
vehicles— impact,  vibration,  end  maneuver  loadings. 

Another  area  of  increasing  concern  is  that  of 
the  influences  of  temperature  —  thermal  stresses, 
interaction  with  creep,  effects  of  exposure  (at  no 
.'tress  or  under  stress)  —  on  possible  degradation 
of  material  properties.  Such  factors  are  of  concern 
in  many  applications;  different  applications  have 
different  combinations  of  conditions  so  that  gener¬ 
alization  is  difficult. 

The  influence  of  environment  is  an  area  of 
increasing  concern  in  almost  every  application. 

The  effect  of  aqueous  surroundings  is  particularly 
important  in  Naval  Applications  and,  to  only  some¬ 
what  lesser  extent,  in  aircraft  and  even  in  ground 
vehicles.  Practical  considerations  include  surface 
treatments  and  protective  coatings  to  mitigate 
covrosion  fatigue  and  methods  of  inspection  for 
incipient  fatigue  damage. 


The  purely  analytical  approach  to  the  design 
of  structures  for  fatigue  has  severe  limitations  if 
used  by  itself  and  if  an  optimum  design  is  to  be 
developed.  Because  of  the  insufficient  knowledge 
of  fatigue  and  generally  insufficient  data,  many 
assumptions  and  approximations  have  to  be  made  and 
these  prevent  making  accurate  estimates  of  the  fatigue 
strengths  or  the  expected  fatigue  life.  A  purely 
analytical  approach  may  be  used  in  noncritical  appli¬ 
cations,  whore  a  fatigue  failure  is  of  little  conse¬ 
quence  (except,  perhaps,  being  a  nuisance),  in  appli¬ 
cations  where  an  overdesign  can  be  tolerated,  and  in 
some  very  simple  cases  for  which  the  available  inform¬ 
ation  might  be  sufficient.  For  critical  and/or  com¬ 
plex  structures,  the  analytical  approach  is  often 
used  for  developing  the  preliminary  designs.  Proto¬ 
types  or  special  test  pieces  a.  •  ther.  constructed 
and  fatigue  tested.  Once  experimental  results 
(fatigue  failures)  are  obtained,  the  analytical 
methods  constitute  a  powerful  tool  for  analyzing 
those  results  and  for  improving  the  designs. 

Experimental  approach  to  fatigue  design  and 
prediction  involves  various  types  of  testing,  such 
as  simple  specimen  tests  on  standard  fatigue-testing 
machines  in  the  laboratory,  testing  of  parts  and 
components  (either  on  standard  fatigue  machines  or 
on  specially  designed  test  setups),  testing  of  com¬ 
ponents  or  structures  wider  simulated  field  condi¬ 
tions,  and  testing  of  the  structures  under  actual 
field  conditiors.  The  experience  gained  from  ser¬ 
vice  failures  adds  considerably  to  the  existing 
empirical  knowledge  on  fatigue  even  though  this 
experience  is  the  one  we  are  trying  to  avoid  because 
it  has  usually  undesired  consequences  such  as  break¬ 
down  of  equipsewt,  unforeseen  axpendituxes,  lose  of 
time,  and  stese tinea  loss  of  tbs  entire  equipment  and 
human  lives. 


PREDICTION  AND  PREVENTION  OF  FATIGUE  FAILURE 


Prediction  and  prevention  of  fatigue  fai’ure 
in  metals  (and  in  other  materials)  is  a  very  com¬ 
plex  subject.  The  present  state  of  the  art  ’oaves 
much  to  be  desired  with  regard  to  the  available 
knowledge,  data,  and  information  on  fatigue  and  on 
the  nuraeiaus  relevant  factors  influencing  the 
fatigue  behavior  of  materials  and  structures.  The 
situation  is  complicated  further  by  the  variabili¬ 
ties  encountered  in  all  aspects  of  the  real,  physi¬ 
cal  world.  It  is  well  known  that  material  proper¬ 
ties  are  not  constant  characteristics  of  a  material, 
but  they  may  vary  within  certain  ranges.  Even  such 
a  basic  material  property  as  mechanical  tensile 
strength  will  vary  among  specimens  made  from  sup¬ 
posedly  the  same  materials  and  tested  under  sup¬ 
posedly  the  same  testing  conditions.  The  variabil¬ 
ity  in  material  fatigue  properties  as  determined 
on  nominally  identical  laboratory  specimens  under 
nominally  identical  testing  conditions  is  considers 
bly  higher  than  that  of  static  material  properties 
and,  under  certain  conditions,  this  variability  or 
"scatter"  in  terms  of  fatigue  life  may  exceed  two 
orders  of  magnitude. 


When  parts  or  structures  are  fabricated  from 
the  materials,  additional  variabilities  are  intro¬ 
duced  by  the  manufacturing  p  ocesses,  and  no  two 
"nominally  identical"  parts  are  alike  in  all  respects 
The  service  or  field  use  of  such  identical  parts 
may  also  vary  from  part  to  part.  The  actual  fatigue 
behavior  of  such  parts  in  the  service  is  influenced 
by  all  these  factors  and  the  associated  variabilities 
and  it  is  nearly  impossible  to  pre-determine  accu¬ 
rately  the  fatigue  life  of  a  given  specific  part 
evon  under  given  use  conditions.  Often,  however, 
the  exact  use  conditions  are  not  known  beforehand. 


Any  wcperiBent&l.  program  is  expensive 

and  tise-ennsKSiag  and  there  are  practical,  limita¬ 
tions  in  both  cost  snd  tisee  that  emi  bs  devoted  to 
each  specific  iRYestigRtidn  or, to  s  development  pro- 
grs®,  Became  of  the  rairi8biiiti«  or  scatter  in 
£*tigse  and  in  fatigue  life,  s  certain 

nssufeesf  of  'nomiiutlly  identical  specimens  or  structures 
have  to  be  tested  to  obtain  the  desired  information 
on  their  fatigue  behavior  and  an  the  variability  or 
scatter  to  be  expected.  In  practice,  it  is  seldom 
possible  to  test  a  sufficiently  large  swpie  of 
identical  structures  to  obtain  statistically  signi¬ 
ficant  results  with  s  high  confidence.  Therefore, 
a  certai-  amount  of  judgment  is  almost  Always  needed 
when  experimental  results  ar®  interpreted  and  utilized 
in  making  design  and  engineering  dseiaiaws. 

As  already  mentioned,  it  is  impossible  to 
predict  accurately  the  fatigue  life  c£  a  given  part 
or  structure  in  service,  even  if  the  best  known  ana¬ 
lytical  methods  and  all  the  available  data  and 
information  are  employed  and  supplemented  by  experi¬ 
mental  testing  and/or  development  programs.  Because 
cf  the  variabilities  involved,  some  of  the  parts  or 
structures  may  fail  much  sooner  than  others  sad  some 
may  have,  for  all  practical  purposes.  £«  infinite 
life,  depending  on  the  application  If  the  "design" 
service  life  is  established  for  a  high  reliability, 
that  is  such  that  the  probability  of  a  fatigue 
failure  within  this  li'e  period  is  small,  most  of 
the  parts  or  structures  will  be  replaced  or  retired 
long  before  the  end  of  their  useful  life.  Moreover, 
this  aoproach  still  does  not  guarantee  the  absence 
of  fatigue  failures.  Such  failures  may  occasionally 
occur  because  a  particular  part  or  structure  is 


The  above  explains  why  it  is  so  difficult 
to  design  parts  and  structures  for  fatigue  appli¬ 
cations,  In  some  esses  it  is  possible,  at  least 
in  principle,  to  provide  quite  "safe"  designs  against 
fatigue  failure  simply  by  overdesigning  the  parts 
end  structures.  This  can  be  achieved  by  purposely 
overestimating  the  expected  loads  and  by  keeping  the 
design  stresses  at  very  low  levels  as  compered  with 
those  stresses  at  which  fatigue  failure  might  occur, 
taking  into  consideration,  of  course,  all  those 
factors  that  might  have  influence  on  the  fatigue 
strength  of  the  part  or  the  structure.  In  a  majority 
of  cases,  however,  such  an  approach  is  impractical 
or  even  impossible.  For  example,  an  aircraft 
designed  with  such  a  philosophy  would  not  be  an 
aircraft,  because  it  would  be  too  heavy  to  leave 
the  ground.  Generally  speaking,  today's  techno¬ 
logical  and  economic  considerations  dictate  that 
any  system,  device,  or  structure  bo  designed  to 
perform  its  function  effectively  at  a  minimum  cost 
and  with  a  high  degree  of  reliability,  and  often 
also  at  a  minimum  weight  and  within  a  limited  space. 
These  considerations  impose  demands  on  the  design 
of  a  structure  that  force  the  designer  to  compro¬ 
mise  or  to  make  tradeoffs  among  these  factors. 

There  are  basically  three  approaches  used  in 
the  design  and  utilization  of  structures  subjected 
to  fatigue  loading  and  in  the  prevention  and/or 
prediction  of  fatigue  failure:  the  analytical 
approach,  the  experimental  approach,  and  planned 
inspections  and/or  monitoring  of  the  structures 
during  their  service  life.  In  critical  applications 
all  three  approaches  are  often  employed. 
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extremely  "weak"  as  compared  with  the  L,-hers,  or  it 
had  a  defoct  not  detected  during  manufacturing  and 
inspection  processor  it  had  been  subjected  to 
seme  extreme  sorvK  cui  lit  ions  and  service  abuse. 


(3)  Final,  sudden  fracture  of  the  remaining 
cross  section. 


The  initial  fatigue  damage  starts  early  in  the 
life  of  a  part  subjected  to  a  fatigue  loading.  Under 
certain  conditions  this  may  occur  upon  the  applica¬ 
tion  of  the  first  or  of  the  first  few  load  cycles. 
Such  damage  may  start  at  several  locations  either 
simultaneously  or  in  some  sequence.  Upon  applica¬ 
tion  of  additional  load  cycles,  microcracks  may 
develop  in  sene  (but  not  necessarily  all)  locations 
of  the  initial  damage.  These  microcracks  grow  until 
a  fatigue  macrocrack  or  several  such  cracks  develop. 
These,  then,  propagate  at  certain  rates  (depending 
on  the  conditions)  until  the  final  fracture  occurs. 

It  should  be  noted  that  usually  there  is  one  major 
crack  that  causes  the  final  fracture,  even  though 
there  are  cases  when  several  cracks  join  into  a 
larger  crack  before  the  final  fracture  occurs.  It 
should  also  be  noted  that  sometimes  a  fatigue  crack 
may  stop  propagating  because  of  stress  redistribution 
caused  by  this  crack  or  by  other  factors.  Such  a 
so-called  nonpropagating  crack  would  not  cause,  by 
itself,  a  fatigue  failure  (final  fracture). 


These  problems  can  be  overcome  to  a  degree 
in  m«iiy  applications  by  employing  various  inspection 
methods  and  monitoring  techniques  during  the  service 
life  of  perts  and  structures.  The  objective  is  to 
detect  an  incipient  fatigue  failure  before  it  occurs 
so  that  the  part  or  structure  can  l  :  repaired  or 
replaced  in  time  to  avoid  a  catast  rophic  failure. 

In  principle,  such  an  approach,  if  applicable  md 
properly  used,  has  several  advantages: 

(1)  It  can  and  does  decrease  the  incidence 
of  catastrophic  failures. 

(2)  It  increases  the  operational  reliability 
of  the  structures  and  equipment. 

(3)  It  permits  the  use  of  less  conserva¬ 
tive  designs  which  usually  results  in 
savings  of  weight,  space,  and  initial 
cost. 


The  transition  from  the  initial  fatigue 
damage  to  microcracks  and,  then  to  fatigue  macro- 
cracks,  is  somewhat  subtle  and  difficult  to  define. 
For  the  purposes  of  discussing  the  nondestructive 
inspection  (NDI)  approaches  to  the  detection  of 
fatigue  damage,  it  is  assumed  that  the  crack- 
initiation  phase  is  the  one  during  which  a  crack 
cannot  be  detected,  whereas  the  ability  to  detect 
the  initial  (small)  fatigue  crack  characterizes 
the  beginning  of  the  crar  -propagation  phase.  In 
order  to  predict  and  prevent  a  fatigue  failure,  the 
fatigue  damage  should  be  detected  either  during  the 
crack-initiation  or  during  the  crack-propagation 
phase.  Hie  fatigue-crack  propagation  rate  usually 
Increases  with  the  crack  length  or  site  and  it  is, 
therefore,  desirable  to  detect  an  incipient  failure 
us  8ft riy  as  possible. 


(4)  It  allows  a  better  utilisation  of  the 
structures  by  extending  their  actual 
service  life  until  shsrSly  before  an 
incipient  failurt  instead  or  retiring 
a  structure  at  some  predetermined  time 
which,  in  many  cases,  wvuld  represent 
only  a  fraction  <?f  the  structure's 
svsilable  useful  life. 


th«  other  hand,  ary  inspection  ot-itsees  tins*  and 
costs  and,  depending  on  the  method  «Jt4,  it 
involve  rataer  cosplex  and  expensive  equipment,  in 
many  ceres,  the  squiasent  cannot  be  used,  while 
being  inspected.  There  are  also  some  limitations 
and  some  complicating  factors  associated  with  each 
inspection  Method,  as  will  be  discussed  later,  in 
practice,  therefore,  it  is  eften  ti  quest inp  of 
tradeoffs  as  to  how  much  and  what  type  of  inspection 
can  and  should  be  done. 

The  prediction  and  prevention  c?  Fatigue 
failure  of  s  part  or  structure  by  s^vns  of  inspect¬ 
ions  depends  obviously  on  the  ability  of  the  inspect¬ 
ion  sethod(a)  to  detect  an  incipient  iiitigue  failurt.. 
tn  other  words,  the  inspections  of  a  structure  should 
yield  a  positive  identification  of  the  fatigue  dasage 
that  It  has  already  incurred  sad  ih% t  tmild  ovantissivy 
lead  to  failure.  These  inspection  methods  should  be, 
of  course,  of  a  nondestructive  type  so  that  they 
vould  not  dc  any  damage  to  the  itsss  being  inspected 
and  would  not  affect  their  fatigue  life.  Before  con¬ 
sidering  the  various  available  and  potent**!  non¬ 
destructive  inspection  (ND1)  methods  fer  detecting 
fatigue  damage,  some  relevant  factors  are  reiterated 
and  briefly  discussed  below. 


Because  a  fatigue  failure  starts  usually  at 
or  near  the  surfaces,  only  the  surfaces  at  cvitical 
locations  of  parts  and  structures  have  to  be 
inspected.  In  some  applications,  it  might  suffice 
to  inspect  only  one  or  a  few  critical  locations. 

I»  other  cases,  several  locations  and/or  larger 
surface  Srees  ssist  be  inspected. 


NONDESTRUCTIVE  INSPECTION  (ND1)  METHODS 


Information  on  the  application  of  NOT  methods 
to  the  detection  of  fatigue  damage  is  scattered 
throughout  both  the  fatigue  literature  and  the 
literature  on  nondestructive  testing,  and  there  are 
relatively  few  publications  that  deal  with  it  speci¬ 
fically.  Most  of  the  latter  are  limited  to  descript¬ 
ions  of  laboratory  investigations  and  cover  the 
application  of  one  or  several  existing  or  potential 
N3I  methods  to  fatigue  testing  under  controlled 
laboratory  conditions.  In  many  of  these  cases, the 
aain  objective  is  to  study  the  fatigue  mechanism. 

■tfce  NBX  method.*  are  utilized,  are  modified  and 
i^poved,  or  aev  approaches  are  tried  primarily  for 
this  purpose.  Even  though  such  investigations  do 
contribute  considerably  to  the  available  knowledge 
and  sometimes  result  in  developments  that  eventually 
lead  to  new  or  improved  ND1  methods  for  field  use, 
there  is  a  great  difference  between  what  can  be  done 


The  process  of  fatigue,  as  already  sectioned 
can  be  considered  as  consisting  of  three  phise* : 

(1)  Initial  fatigue  damage  leaving  set  s 
crack  initiation 


in  the  laboratory  end  what  can  be  used  in  practical 
applications  under  field  and  service  conditions. 

There  appears  to  be  a  lack  of  general  review 
and  assessnent  on  the  overall  situation  with  regard 
to  the  use-  of  the  various  NUI  methods  in  the  detect 
ion  of  fatigue  damage,  particularly  in  field  and 
service  use.  The  ND1  approaches  to  the  detection 
of  fetiguo  damage  are  described  below  only  in  a 
general,  qualitative  way  covering  briefly  some  of 
the  NDI  methods  that  are  well  established  and  some 
that  are  being  developed,  have  been  tried,  or  are 
being  explored. 

The  many  NDI  methods  already  oxisting  or 
thoso  potentially  useful  that  could  be  applied,  at 
least  in  principle,  to  the  detection  of  fatigue 
damage  can  be  classified  in  several  ways: 

(1)  According  to  the  physical  phenomena 
utilized  or  the  type  of  energy 
employed 


NDI  Methods  in  Field  and  Service  Use 


Most  of  the  NCI  methods  that  are  used  under 
field  and  service  conditions  are  those  that  are 
capable  of  detecting  fatigue  cracks  of  various  sizes. 
These  methods  art  described  in  books  on  the  subject 
of  nondestructive  testing  [e.g..  References  (48) 
and  (49),  both  f  which  contain  numerous  additional 
references]  and  various  other  publications  such  as 
reports,  technical  papers,  and  magazine  articles 
[e.g..  References  (50)  and  (SI)].  A  good  source 
for  bibliographical  information  on  the  subject  of 
nondestructive  testing  is  the  Non-Destructive  Testing 
and  Information  Center  at  the  Army  Mechanics  and 
Materials  Research  Center.  In  principle,  any 
nondestructive  testing  method  that  is  capable  of 
detecting  surface  imperfections  and  cracks  can  be 
used  as  an  NDI  method  for  the  detection  of  fatigue 
cracks.  The  NDI  methods  most  commonly  used  in  the 
field  and  service  for  fatigue-crack  detection  are 
described  separately  below.  All  of  them  are 
covered  in  References  (48)  and  (49).  Additional 
references  relevant  to  the  individual  methods  are 
(2)  According  to  their  capability  to  detect  cited  in  the  text  when  appropriate, 

damage  at  different  stages  of  the  Visual  Inspection 

fatigue  process;  i.e.,  those  that  can 

detect  initial  fatigue  damage,  those  Visual  inspection  is  the  oldest,  simplest, 

that  can  detect  fatigue  damage  only  cheapest,  aiu.  the  most  widely  used  of  all  the  NDI 

after  a  visible  crack  has  developed,  methods  for  the  detection  of  fatigue  cracks.  The 

and  those  whose  capability  lies  between  basic  principle  used  in  visual  inspection  is  to 

these  two  illuminate  the  object  and  examine  the  surface  with 

the  eye  or  with  light-sensitive  devices  such  as 
photocells  or  phototubes.  The  surfaces  should  be 
adequately  cleaned  before  being  inspected.  Visual 
inspection  for  the  detection  of  fatigue  cracks  can 
be  improved  by  optical  aids  such  as  mirrors,  lenses, 
microscopes,  periscopes,  and  telescopes.  These 
optical  devices  compensate  for  the  limitations  of 
the  human  eye  and/or  provide  a  magnification  of  the 
areas  to  be  inspected.  Enlarging  projectors  provide 
means  for  improving  viewing  conditions  for  inspection 
of  small  parts.  Borescopes  permit  direct  visual 
(5)  According  to  their  present  usefulness,  inspection  of  the  interior  of  hollow  tubes,  chambers, 

state  of  development,  and  applicability;  and  other  internal  surfaces.  Photoelectric  and  other 
i.e.,  those  that  aie  already  being  used  light-sensitive  systems  can  sometimes  be  used  to 
under  field  and  service  conditions,  those  replace  direct  visual  inspection  and  compensate  for 
that  are  used  for  laboratory  and  errors  due  to  operator  fatigue, 

research  work  only,  those  that  are  being 

developed  at  the  present  time  and  show  The  capability  of  visual  inspection  to  detect 

some  promise  to  become  useful  in  the  a  fatigue  crack  depends  on  many  factors  ouch  as  the 

future,  and  those  of  a  purely  academic  size  and  location  of  the  crack,  the  illumination 

interest.  It  should  be  noted  thst  all  used,  the  optical  aids  employed,  and  the  skills  of 

the  NDI  methods  that  are  used  in  the  the  inspector.  It  is  often  difficult  to  detect  even 

field  can,  of  course,  to  used  also  in  «-  relatively  large  fatigue  crack  that  is  located,  for 

the  laboratory  either  in  their  usual  example,  at  the  corner  of  a  groove  or  that  coincides 

established  form  or  in  some  improved  or  with  a  machining  mark.  There  are,  of  course,  also 

modified  form  adapted  for  the  purposes  limitations  on  the  size  of  cracks  that  can  be 

of  the  laboratory  or  research  iivesti-  detected  by  visual  inspection,  depending  or  the 

gation  on  hand.  optical  aids  employed. 

Because  the  main  purpose  of  this  survey  is  Liquid  Penetrants 

to  review  some  problem  areas  in  prevention  of 

fatigue  failure  in  structures  under  field  and  ser-  The  liquid-penetrant  method  is  one  of  the 

vice  conditions,  first  the  NDI  methods  that  a:  oldest  methods  of  nondestructive  inspection  and  it 

already  in  field  and  service  use  are  briefly  described  is  rapable  of  detecting  fatigue  cracks  that  may 

below.  Subsequently,  some  other  possible  NDI  be  impossible  to  find  with  the  most  careful  visual 

approaches  to  tke  detection  of  fatigue  damage  and  inspection  eithe-  lecause  they  are  too  :-mall  or 

some  recent  attempts  to  develop  so-called  "fatigue  because  they  are  difficult  to  discriminate)  due  to 

damage  indicators"  are  reviewed.  Finally,  a  brief  their  location.  Thus,  in  a  sense,  it  Is  an  aid  to 

assessment  of  the  current  situation  with  regard  to  visual  inspection.  The  principle  involves  applying 

the  use  of  NDI  methods  for  the  detection  of  fatigue  to  the  surface  a  liquid  having  a  lew-s'«ri>.c*  tension 

damage  is  presented.  and  low  viscosity.  Used  on  a  clean  surface  that 


(3)  According  to  their  capability  to 
inspect  entire  parts  and  surfaces  or 
specific  locations  only 

(4)  According  to  their  ability  to  provide 
inspection  (or  "monitoring")  on  a 
continuous  basis  or  requiring  that 

the  inspections  be  conducted  periodically 
at  certain  time  intervals 


the  liqu  1  will  wet,  the  liquid  is  drawn  into  the 
cracks  b,  capillary  action.  The  presence  of  the 
penetrant  in  the  cracks  is  rev  aled  when,  after 
wiping  the  excess  penetrant  from  the  surface,  a 
developer  is  applied  that  acts  like  a  blotter  and 
draws  the  liquid  out.  There  are  two  types  of  pene¬ 
trants  in  general  use.  One  contains  a  dye  which 
usually  gives  a  good  color  contrast  against  the 
selected  developer.  The  other  contains  dissolved 
fluorescent  material  which  makes  it  readily  visible 
when  viewed  under  near -ultraviolet  light  or  so- 
called  "black  light".  The  wavelength  of  this  light 
is  just  outside  the  visible  range  on  the  blue  or 
violet  side  and  it  is  not  in  the  chemically  active 
ultraviolet  range. 


flux.  Some  ther  approaches,  e.g.,  suen  as  the  use 
of  the  Hall-effect  element,  have  also  been  employed. 

A  considerable  effort  has  been  devoted  in  recent 
years  toward  further  development  and  refinement  of 
magnetic  Inspection  methods  for  various  specific 
applications  for  the  detection  of  fatigue  damage, 
and  for  the  study  of  fatigue  mechanisms.  Many  of 
these  investigations  have  been  carried  out  or 
supported  by  the  Array,  Navy,  and  Air  Force.  Examples 
of  such  investigations  are  given  In  References  (S3) 
through  (S9) . 


Radiography 

Radiography  is  a  method  of  nondestructive 
inspection  which  uses  X-ray,  gamm*,  beta,  or  neutron 
radiation.  It  Is  based  on  the  ability  of  these 
radiation  sources  to  penetrate  materials.  The 
intensity  of  the  penetrating  radiation  Is  modified 
by  passage  through  material  and  by  defects  in  the 
material.  These  intensity  chmges  are  recorded  on 
film  as  areas  of  varying  density  (or  darkness)  which 
permit  distinguishing  flaws  or  cracks.  Obviously, 
maximum  sensitivity  occurs  when  the  crack  is  oriented 
such  that  its  longest  dimension  is  parallel  to  the 
direction  of  radiation.  The  radiographic  techniques 
are  capable  of  detecting  a  defect  (crack)  that  may 
be  less  than  1  percent  of  the  thickness  of  the 
object  (under  special,  favorable  conditions). 

X-ray  radij^  aphy  has  two  main  advantages: 
versatility  and  sensitivity.  The  energy  of  an 
X-ray  source  can  easily  be  adjusted  for  variations 
in  thickness.  It  is  also  adaptable  to  fluoroscopy 
and  television  systems.  The  advantages  of  gamrsa 
radiography  are  portability  and  a  relatively  low 
cost.  The  portability  comes  from  the  fact  that  the 
source  is  small,  and  needs  no  electric  power  or 
cooling  water.  This  permits  its  effective  use  in  the 
field,  particularly  in  remote  areas.  One  of  the 
difficulties  with  radioactive  sources,  however,  is 
that  the  source  can  never  be  varied  or  turned  off, 
so  that  safety  precautions  must  be  observed  at  all 
times.  (X-rays  constitute  a  health  hazard  only 
during  the  operation  of  tho  equipment.)  Conventional 
radiography  is  firmly  established  and  reasonably 
easy  to  understand.  One  of  the  original  drawbacks, 
the  long  time  involved  in  developing  and  processing 
of  film,  is  lately  being  overcome  by  modem  automatic 
film-processing  equipment  and  by  special  techniques 
such  as  Xeroradiography  and  the  Polaroid  process. 

Additional  information  on  radiography  can 
be  found  in  References  (60)  through  (63). 


In  addition  to  References  (48)  and  (49),  a 
good  source  of  information  on  the  various  aspects 
of  the  liquid-penetrant  methods  is  the  book  by 
Carl  E.  Betz  C52) #  which  contains  also  a  biblio¬ 
graphy.  Liquid-penetrant  inspection  is  inexpensive 
and  readily  applicable  to  field  use.  It  has  the 
requirement  that  the  surfaces  must  be  cleaned 
before  the  inspection  and  also  afterward  to  remcv' 
the  developer.  It  can  be  applied  to  any  nonporous 
material. 


Magnetic  Methods 


Magnetic  inspection  methods  are  used  to 
detect  surface  or  near-surface  discontinuities  in 
ferromagnetic  materials  and  they  are  well  suited 
for  the  detection  of  fatigue  cracks.  The  principle 
employed  here  is  that  once  a  magnetic  field  is 
induced  in  a  material,  any  cracks  and  flaws  that 
arc  present  will  perturb  or  distort  that  magnetic 
field.  This  perturbation,  fringing,  or  so-called 
"leakage  flux"  is  then  detected  and  measured. 

These  methods  are  most  sensitive  when  the  crack 
orientation  nnd  the  magnetic  field  direction  are 
perpendicular  to  each  other.  When  the/  are  parallel, 
the  crack  will  not  be  detected. 


The  magnetic-particle  method  is  the  most 
frequently  used.  It  consists  of  throe  basic  steps: 
(1)  establishment  of  a  magnetic  field  in  the  object 
to  the  inspected,  (2)  application  of  magnetic  par¬ 
ticles  to  the  surfaces  of  the  object,  and  (3)  visual 
examination  of  the  surfaces  for  indications  of 
fatigue  cracks.  These  indications  are  provided  by 
the  particles  being  attracted  to  the  locations  of 
the  cracks  (or  other  defects)  due  to  the  local 
variations  in  the  magnetic  field  that  are  produced. 
Two  classes  of  magnetic  particles  axe  available. 

The  wet -method  particles  use  a  liquid  vehicle;  the 
dry-method  particles  are  home  by  air.  These 
particles  are  usually  colored  to  give  contrast  with 
the  surface  being  inspected  or  coated  with  fluore¬ 
scent  material  to  make  them  readily  visible  under 
black  light.  Parts  inspected  by  magnetic-particle 
methods  must  be  cleaned.  If  dry  particles  are  used, 
the  part  must  be  dry  as  well  as  clean. 

There  are  other  possiblities  to  detect  the 
presence  of  a  leakage  flux.  In  principle,  this 
could  be  accomplished  even  with  a  simple  compass 
by  moving  it  over  the  surface  of  a  magnetized  part. 
Such  a  method  is,  of  course,  too  insensitive  and 
tro  clumsy  for  practical  applications.  The  magnetic 
methods  in  use  in  various  applications  are  based 
mostly  upon  the  generator  principle  employing 
current-carrying  coils  and  probes  for  the  detection 
of  the  magnetic  field  perturbations  or  the  leakage 


Ultrasonics 


Ultrasonic  methods  have  recently  achieved 
wide  employment  in  many  applications  and  they  are 
widely  described  in  the  literature  [e.g.,  References 
(64)  r'.J  (65)].  Because  ultrasonic  waves  are  based 
on  mechanical  phenomena,  they  are  particularly  use¬ 
ful  for  determining  the  integrity  and  structure  of 
matarials.  Basically,  sound  energy  above  the  audible 
range  is  transmitted  into  a  part  and  a  signal  is 
received  and  analyzed.  The  ultrasound  is  transmitted 
and  received  by  transducers.  The  transducer  is 
placed  upon  the  part  to  be  inspected.  Coupling  of 
the  transducer  to  the  oart  is  one  of  the  most  criti¬ 
cal  aspects  of  ultrasonic  inspection.  It  is  usually 
achieved  by  the  application  of  liquid  of  various 
types  at  the  transducer-part  interface.  The  part 
is  sometimes  immersed  into  a  tank  of  water  to  insure 
good  coupling. 


The  ultrasonic  beams  nay  be  examined  in 
terns  of  through-transmission  or  reflection.  It 
is  also  possiblo  to  determine  resonance  frequency 
of  the  nat oriel  unde  test.  The  receiving  trans¬ 
ducer  nay  be  a  separate  unit  (through-transmission 
technique)  or  it  may  be  the  same  transducer  that 
sent  the  signal  (reflection  and  resonance  techniques). 
For  crack  detection,  the  reflection  technique 
(sometimes  called  the  pulse-echo  technique)  is  most 
commonly  used  because  it  usually  permits  the  deter¬ 
mination  of  the  location  of  the  crack,  wherever  it 
Might  be  within  the  part,  and  because  only  one 
transducer  on  one  side  of  the  part  is  needed.  When 
a  pulse  of  ultrasonic  energy  is  sent  into  the  part, 
a  discontinuity  (e.g.,  a  crack)  in  its  path  or  any 
boundary  of  the  part  on  which  it  impinges  will  both 
absorb  and  reflect  the  energy,  A  defect  (crack) 
can  be  recognized  by  the  relative  time  for  return 
of  the  echo  or  reflected  energy  to  the  transducer. 

In  the  through -t-  nsmission  technique,  a  similar 
pulse  of  ultrasonic  energy  is  sent  into  the  part, 
but  here  the  presence  of  a  crack  is  detected  by 
the  energy  lost  or  absorbed  by  the  crack  as 
revealed  by  the  second,  receiving  transducer.  The 
resonance  technique  is  used  primarily  for  measuring 
thickness.  Young's  modulus,  and  damping  capac*  ty, 
and  is  less  important  in  fatigue-crack  detection. 

In  addition  to  the  above  three  techniques, 
the  versatility  of  ultrasonic  methods  is  further  en¬ 
hanced  by  the  possible  choice  of  several  types  of 
ultrasonic  waves.  Depending  on  the  angle  of  the  in¬ 
cident  beam,  longitudinal,  shear.  Lamb  (or  plate), 
and  so-called  Rayleigh  (or  surface)  waves  cay  be 
employed.  Since  fatigue  cracks  usually  originate 
at  the  surfaces,  the  Rayleigh  surface  waves  are 
particularly  suitable  for  detecting  fatigue  cracks. 
However,  depending  on  the  part  geometry,  the  appli¬ 
cation,  and  other  factors,  all  the  other  wave  forms 
might  be  useful  under  certain  circumstances  for 
fatigue-crack  detection. 

The  ultrasonic  methods  now  available  are 
rapid,  economical,  and  sensitive,  and  can  have  good 
accuracy  for  deteimining  crack  extent  and  position. 
They  have  good  penetrating  power  for  examining 
thick  sections  of  most  homogeneous  materials,  and 
often  access  to  only  one  surface  of  the  part  is 
required.  Equipment  is  light  and  portable  so  that 
on-site  inspections  are  possible.  With  all  these 
advantages,  there  are  conditions  which  can  limit 
the  usefulness  of  ultrasonic  inspection.  These 
include  unfavorable  part  geometry  (such  as  com¬ 
plexity,  contour,  and  size),  orientation  of  the 
cracks,  and  misleading  responses  that  may  occasionally 
be  obtained.  Also,  ultrasonic  Inspection,  os 
presently  practiced,  depends  upon  the  experience, 
skill,  and  judgment  of  the  inspector.  He  must 
interpret,  in  terms  of  crack  size  and  location, 
the  very  indirect  evidence  presented  by  the  elec¬ 
tronic  equipment.  He  must  be  able  to  distinguish 
between  significant  signals  and  spurious  ones  ccused 
by  scatter,  noise,  and  multiple  echoes. 

Because  of  the  versatility  of  ultrasonic 
inspection  methods,  they  have  been  recently  widely 
employed  in  various  fatigue  laboratory  investiga¬ 
tions  to  study  the  fatigue  mechanism  as  well  as  to 
develop  these  methods  further  for  the  detection  of 
fatigue  damage  in  the  field.  Examples  of  such 
investigations  are  given  in  References  (57)  through 
(59)  and  (65)  through  (72). 


Eddy  Current 


The  eddy-current  method  is  a  comparatively 
recent  nondestructive  inspection  technique.  It  is 
bein"  frequently  used  for  nonmagnetic  materials. 

(It  can  also  be  used  for  magnetic  materials,  but 
these  require  more  couple*  systems).  The  principle 
involved  is  simple.  When  a  coll  that  is  carrying 
a  high-frequency  alternating  current  is  brought 
into  the  vicinity  of  an  electrical  conductor,  eddy 
or  induced  currents  are  generated  in  the  conductor. 

A  magnetic  field  associated  with  the  induced  currents 
is  created.  Flaws,  cracks,  and  various  other 
inhomogeneities  cause  resistivity  charges  within 
the  part.  These,  in  turn,  affect  the  induced 
currents,  and  consequently,  the  magnetic  field  pro¬ 
duced  by  them.  Detection  and  measurement  of  the 
magnetic  field  fora  the  basis  of  the  inspection. 

Two  general  types  of  coils  are  in  common 
use.  One  is  the  circumferential  coil  through  which 
a  part  passes;  it  inspects  «  volume  of  material 
within  the  coil  that  is  determined  by  the  coil 
geometzy.  The  second  type  is  so-called  probe  coil 
or  point  probe  which  is  usually  small  and  is  placed 
on  the  surface  of  the  part  to  be  Inspected  such 
that  the  axis  of  the  coil  is  perpendicular  to  the 
surface.  It  inspects  only  a  volume  of  material 
beneath  it  that  is  essentially  equal  to  its  cross 
section  times  the  depth  of  penetration.  Each  type 
of  coil  can  be  made  in  a  number  of  designs,  depending 
on  the  application.  £«xe  applications  use  a  single 
coil  whose  electrical  properties  reflect  the  eddy 
current  Information;  other  systems  use  primary  and 
secondary  coils. 

There  is  a  variety  of  eddy-current  inspection 
instruments  having  various  degrees  of  versatility. 
Many  of  them  are  portable.  Once  proven  for  a  speci¬ 
fic  application,  eddy-current  instruments  do  not 
require  skilled  operators  and  the  inspection  process 
is  quite  rapid.  In  some  applications,  the  eddy- 
current  inspection  method  has  been  used  very  success¬ 
fully  for  fatigue-crack  detection.  On  the  other 
hand,  eddy-current  inspection  methods  are  sensitive 
to  many  variables  that  may  influence  the  electrical 
characteristics  of  the  system  and  the  results 
obtained.  Also,  the  signals  obtained  are  sometimes 
of  a  comparative  nature  and  reference  standards  are 
often  needed  to  interpret  the  results.  Eddy-current 
inspection  methods  are  widely  described  in  the 
literature;  References  (73)  through  (78)  represent 
a  few  examples. 

NDI  Methods  for  Specific  Applications 

The  above  six  major  NDI  methods  for  fatigue- 
crack  detection  are  in  general  use.  They  can  be 
employed  in  man>  applications,  even  though  there 
may  be  cases  when  none  of  these  meth-l*  is  really 
suited  for  a  particular  application.  Some  indivi¬ 
dual  applications  may  require  that  these  methods 
be  modified,  extended,  specially  adapted,  or  com¬ 
bined  for  the  purposes  on  hand,  Thera  are  also 
some  individual  applications  where  other  NCI  methods 
can  be  successfully  employed,  as  is  briefly  discussed 
below. 

One  of  tie  oldest  NDI  methods  for  detecting 
the  presence  of  cracks  is  the  sonic  test.  It  con¬ 
sists  of  striking  the  object  with  a  sharp  blow  and 
listening  for  its  characteristic  vibrations.  This 
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practice  is  itill  quite  conmon  in  service  checks 
of  railroid-car  and  locomotive  wheels  where  its 
purpose  is  to  detect  cracked  wheels.  Electrically 
or  pneumatically  driven  hammers  or  tappers,  together 
with  stethoscopes,  have  been  used  for  checking  some 
castings,  forgings,  and  weldments.  Unusual  sounds 
in  rotating  or  coving  k£(hir.:ry  b«v*  often  served 
as  warnings  of  the  impending  failure  of  a  part  or 
component.  In  recent  times,  sonic  tests  have  been 
supplemented  by  various  instrumentation  and  readout 
devices  to  increase  their  sensitivity,  range,  and 
versatility . 


Reference  (79)  describes  two  experimental 
feasibility  investigations  of  nuclear  methods  for 
the  detection  of  incipient  fatigue  failures  in  alumi 
num.  The  first  investigation  involved  the  beta- 
radiation  detector.  This  method  did  not  show  a 
sufficient  sensitivity.  The  second  investigation 
involved  a  radio-autographic  riethod  based  on  the 
liquid-penetrant  principle.  A  radioactive  solution 
was  used  as  the  penetrant.  Although  the  experiments 
had  shown  that  this  nuclear  method  is  applicable  to 
the  detection  of  minute  fatigue  cracks,  it  did  not 
appear  to  have  any  advantages  over  the  liquid- 
penetrant  methods  in  common  use.  It  was,  therefore, 
recommended  that  no  further  research  be  done  along 
these  lines. 


Somewhat  related  to  the  sonic  tests  are 
some  vibration  tests  involving  frequency  and  damping. 
After  the  object  is  excited,  either  the  natural 
frequency  or  damping  is  observed.  A  large  crack 
may  i&nge  the  natural  frequency  noticeably. 

Damping  or  rapid  decay  in  vibrational  amplitudes  is 
often  a  good  indicator  of  the  presence  of  cracks. 

Another  NDI  method,  developed  for  a  specific 
application,  is  the  electric-current  tejt  of  rail- 
roac  rails  [Reference  (48),  p  35-11].  Specially 
designed  railroad  cars  are  equipped  to  locate 
transverse  rail  fissures  caused  by  fatigue,  by 
passing  a  heavy  electric  current  through  the  length 
of  the  rail.  This  longitudinal  current  flow  is 
distorts!  where  transverse  cracks  intercept  its 
path.  Since  steel  rails  are  ferromagnetic,  the 
magnetic  field  produced  by  the  distorted  current 
path  is  detected  by  pick-up  coils  sliding  over  the 
smooth  surface  of  the  rail  top. 

In  some  cases,  it  is  possible  to  detect 
the  presence  of  a  fatigue  crack  in  an  object  by 
measuring  the  changes  in  electrical  resistivity  of 
this  object.  In  some  other  cases,  when  a  structure 
can  be  pressurized,  the  presence  of  a  crach  can  be 
detected  by  tbs  loss  of  pressure  and/or  by  detecting 
leakage.  In  cases  when  the  usual  location  of  cracks 
is  well  known,  replicas  of  the  surface  at  this  loca¬ 
tion  can  be  made  periodically  and  examined  for  indi¬ 
cations  of  cracks  under  an  optical  or  an  electron 
microscope.  This  latter  approach  permits  ono  to 
follow  the  propagation  of  a  crack  over  a  time  period. 
Generally  speaking,  there  are  many  possibilities  of 
specie!,  limited-use  NDI  methods  that  can  be  used, 
developed,  and  adapted  for  specific  individual 
applications.  The  above  represent  only  a  few 
examples. 

Other  NBV  Approaches 
tc  Fatigue-Damage  Detection 


It  has  been  frequently  observed  in  labora¬ 
tory  investigations  that  heat  is  generated  by  a 
developing  crack.  Detection  of  this  heat  during 
fatigue  loading  could,  therefore,  serve  as  an 
indicator  of  an  incipient  fatigue  failure.  An 
analytical  feasibility  study  (80)  has  indicated  that 
there  may  be  an  instantaneous  temperature  rise  on 
the  surface  of  a  slip  band  of  a  few  degrees  centi¬ 
grade  when  a  group  of  dislocations  breaks  through  and 
that  it  might  be  possible  to  detect  such  temperature 
differences  either  by  thermally  sensitive  fi  Lms 
or  by  infrared  microscopy.  This  approach,  if 
developed,  might  be  capable  of  detecting  an  early 
fatigue  damage.  A  growing  crack  generates  more 
heat  and  its  detection  with  appropriate  heat¬ 
sensing  devices  could  be  even  easier.  Such 
passive  systems  that  rely  on  the  heat  generated  by 
a  developing  crack  can,  of  course,  be  employed 
only  while  the  part  of  specimen  is  subjected  to 
fatigue  loading.  Another  approach  is  to  employ  an 
active  system  that  injects  heat  energy  and  detects 
temperature  changes  caused  by  the  change  in  thermal 
conductivity  due  to  a  developing  crack.  Such  > 
system  has  been  developed  (81-82)  for  fatigue- 
crack  detection  and  has  been  used  in  a  sonic  test 
facility  of  the  Air  Force.  This  system  has  the 
advantages  of  allowing  control  of  heat  input  and 
the  ability  to  inspect  samples  both  with  and  without 
fatigue-test  excitation.  It  operates  on  the 
scanning  principle,  utilizes  a  radiative  heat  source, 
and  infrared  techniques,  and  inspects  the  surfaces 
from  a  distance.  The  surface  and  near  surface 
cracks  which  the  system  detects  can  also  be  found 
by  dye  penetrants  and  eddy  currents. 

Reference  (83)  describes  some  research 
efforts  directed  toward  the  utilization  of  acoustic 
emission  in  the  study  of  fatigue  mechanism.  It  has 
been  observed  that  metals  emit  squeaking  and  popping 
noises  when  subjected  to  external  loads.  These 
sounds,  however,  are  usually  above  the  frequency 
range  of  the  human  ear  and  are  very  weak.  Special 
acoustic  detection  devices  such  as  piezoelectric 
sensors  must,  therefore,  be  used  and  the  surrounding 
must  be  quiet.  Noise  isolation  is  a  major  problem. 
Acoustic  emission  signals  smaller  than  twice  the 
system's  electrical  noise  are  lost  in  the  analysis. 
Loads  must  be  applied  slowly  and  quietly  which 
requires  special  laboratory  equipmen*  Under 
proper  .aboratory  conditions,  acoustic  emission 
sight  be  useful  for  studies  of  microscopic  deform¬ 
ation  phenomena,  crack  initiation,  and  crack 
propagation.  Reference  (84)  describes  a  study  of 
crack  propagation  in  aluminum  specimens  during 
monotonic  tension  that  employed  an  acoustic  detect¬ 
ion  method.  Another  study  on  acoustic  emission  is 


in  addition  to  the  continuous  effort  to 
improve  and  to  refine  the  NDI  methods  that  are 
already  in  use  under  field  and  service  conditions, 
there  have  been  many  attempts  to  develop  new 
approaches  to  the  detection  of  fatigue  damage. 
These  attempts  have  been  so  far  limited  mainly 
to  laboratory  investigations.  A  few  of  them  show 
some  promise  of  eventual  usefulness  while  others 
do  not  appear,  at  least  at  the  preset  time,  to 
have  the  potential  to  become  practical  methods 
for  field  use,  even  though  they  might  be  useful 
for  studying  the  fatigue  mechanism  and  for  fatigue 
damage  detection  under  controlled  laboratory  condi 
tions.  Examples  of  such  new  approaches,  to  the  ex 
tent  they  were  uncovered  during  the  present  survey 
are  briefly  discussed  below 


reportedly  being  carried  out  presently  under  ARPA's 
sponsorship.  Although  acoustic  emission  appears  to 
be  a  p^nisiiig  approach  for  laboratory  studies,  its 
usefulness  as  a  potential  NDI  method  for  the  detect¬ 
ion  01  iatigue  dan  ge  in  the  field  will  depend  to 
a  laix'  degree  on  whether  or  not  it  will  be  possi¬ 
ble  to  develop  techniques  for  obtaining  sufficiently 
large  acoustic-enission  signal  to  noise  ratios 
under  operating  conditions. 

Exoelectric  emission  is  another  phenomenon 
that  has  recently  received  sene  attention  as  a 
possible  approach  to  the  detection  of  fatigue  daaage 
The  emission  of  exoelectrons  froa  aluminum  during 
fatigue  was  studied  by  J.  C.  Grosskreutz  and 
D.  K.  Benson  (85)  in  1961-1963.  They  concluded 
that  this  approach  to  the  monitoring  of  fatigue 
damage  did  not  appear  to  be  feasible  at  that  time. 
Presently,  an  investigation  on  exoelectric  emission 
is  under  way  at  the  Cornell  Aeronautical  Laboratory, 
Inc.,  under  the  sponsorship  of  the  Army.  This 
investigation  involves  (1)  the  use  of  a  phosphor 
coating  and  (2)  the  use  of  a  photographic  emulsion, 
with  the  latter  being  tried  first.  The  mechanism 
of  the  exoelectric  emission  effect  is  not  known 
with  certainty.  It  has  been  speculated  that  dis¬ 
locations  at  the  surface  expose  raw  material  and 
enhance  local  emission  which,  if  detected,  might 
serve  as  an  indicator  of  fatigue  damage.  The 
results  of  this  investigation  are  not  yet  complete. 
Another  investigation  on  exoelectric  emission  is 
reportedly  being  carried  cut  presently  under  ARPA's 
sponsorship. 

An  investigation  (sponsored  by  die  Army)  of 
the  feasibility  of  a  new  approach  to  the  detection 
of  fatigue  damage  is  currently  being  carried  out 
by  the  Industrial  Nucleonics  Corporation  with  the 
cooperation  of  Battelle  Memorial  Institute.  This 
approach  involves  impregnation  of  a  radioactive 
gas  into  the  surface  layers  of  fatigue  specimens 
and  detection  of  changes  in  emission  characteris¬ 
tics  of  this  gas  after  the  specimens  have  been 
subjected  to  fatigue  loading.  Au  oradl ography 
has  shown  significant  increases  in  emission  at  the 
location  of  fatigue  damage  in  steel  specimens  at 
a  relatively  early  state.  This  work  in  continuing. 

Two  other  current  investigations  on  potential 
NDI  methods  for  the  detection  of  fatigue  damage, 
sponsored  by  the  Army,  involve  the  use  of  laser 
interferometry  and  inductive  sensing  of  changes 
in  paramagnetic  properties.  Another  investigation 
involving  laser  and  acoustic  holography  is  being 
supported  by  ARPA.  The  results  of  these  investi¬ 
gations  are  unavailable  at  this  time. 


method  can  detect  only  cracks  sufficiently  large 
to  cause  a  breakage  in  the  wire.  There  are  -any 
factors  to  be  considered  with  regard  to  the 
strength  properties  and  dimensions  of  the  wire,  the 
insulation  and  the  cement  used,  the  installation 
technique,  and  the  location  and  orientation  of  the 
wires. 


Another  approach  to  monitoring  fatigue  damage 
in  structures  is  described  in  Reference  (87) .  It 
involves  the  use  of  so-called  monitoring  strips 
that  are  attached  to  a  structure  and  that  are 
designed  to  fail  before  the  structure.  These 
strips  are  made  of  thin  material  and  are  provided 
with  reduced  areas  containing  stress  concentrations 
such  as  notches  and  holes.  Portions  of  the  full- 
width  strip  lengths  are  bonded  to  the  structures, 
whereas  the  areas  in  the  vicinity  of  the  reduced 
sections  remain  unbonded.  The  strips  at  the 
notched  region  operate  at  higver  strains  than  the 
structure  to  which  they  are  attached.  If  properly 
designed  and  installed,  these  strips  fail  in 
advance  of  the  structure  by  approximately  predeter¬ 
mined  time  periods  or  numbers  of  cycles,  depending 
on  the  »t,2in  magnification  provided  and  depending 
on  some  other  relevant  factors  involved.  The 
failure  of  the  s-rips  can  be  detected  eitht. 
visually  upon  inspection  or  from  an  electrical  signal 
if  they  are  combined  with  small  wires  incorporated 
in  a  circuit  that  break  together  with  the  strips. 
Because  of  the  many  factors  involved,  the  failures 
of  the  monitoring  strips  are  correlated  with  the 
structural  failures  by  means  of  fatigue  testing. 

Once  the  correlation  is  established,  such  monitoring 
strips  can  serve,  at  least  in  principle,  as  warning 
devices  of  an  impending  fatigue  failure  for  the 
particular  structures  for  which  the  correlation  has 
been  established.  There  are,  however,  many  compli¬ 
cating  factors,  and  this  survey  did  not  uncover  any 
information  with  regard  to  the  actual  current  field 
use,  if  any,  of  such  monitoring  strips,  except  that 
Jiis  approach  has  been  tried. 

A  quite  recent  development  in  the  area  of 
fatigue  damage  indicators  is  the  "Fatigue-Life 
Gage".  Reference  (88)  describes  this  gage,  the 
underlying  principles,  and  the  initial  development 
effects.  This  gage  resembles  a  common  foil- type 
strain  gage.  When  it  is  bonded  to  a  critical  area 
of  a  structure,  using  standard  techniques,  the  fatigue 
loading  of  the  structure,  whether  in  a  cyclic  or 
random  manner,  causes  a  permanent  increase  in  the 
resistance  of  the  gage.  The  magnitud*  ot  this 
change  is  a  function  of  the  load  spei...rum  applied 
to  the  structure.  When  a  correlation  between  the 
resistance  change  and  fatigue  life  of  the  structure 
is  established  by  experiments,  the  new  gage  can 
provide  an  indication  of  the  fatigue  life  consumed 
and  of  the  fatigue  life  remaining  in  the  structure. 

The  gage  operates  regardless  of  the  presence  or 
absence  of  electrical  connections  to  it,  and  its 
output  (change  in  resistance)  may  be  measured  con¬ 
tinuously  or  intermittently,  as  desired.  The  main 
difference  between  the  fatigue  gage  and  the  >.andard 
foil  gage  lits  in  the  fact  that  the  fatigue  gage  is 
designed  to  specifically  maximize  the  change  in  its 
resistance  under  repeated  load  applications,  whereas 
in  standard  gages  the  objective  is  to  minimize  this 
change.  The  new  concept  shows  some  promise,  but 
as  is  stated  in  Reference  (88),  it  is  not  yet  fully 
developed  and  should  be  regarded  only  as  an  experi¬ 
mental  item  at  the  present.  Considerable  effort 
is  required  to  develop  fatigue  gages  for  various 


In  addition  to  the  NDI  methods  that  are 
usually  employed  periodically,  there  have  been 
several  attempts  to  develop  warning  or  monitoring 
techniques  that  would  be  capable  of  providing  an 
advance  warning  of  an  incipient  fatigue  failure 
on  a  continuous  basis.  One  such  technique  was 
described  by  H.W.  Foster  (®6)  as  early  as  1947 
and  it  has  been  used  in  testing  full-size  aircraft 
structures.  It  consists  of  cementing  small 
insulated  wires  to  the  most  critical  areas  of  the 
structure  perpendicular  to  the  direction  of  the 
expected  cracks.  The  crack  is  then  indicated  by 
rupture  of  the  wire,  which  is  incorporated  in  a 
suitable  circuit  to  provide  a  warning  signal.  This 


applications,  cn  various  materials,  and  under 
various  conditions.  There  are  many  complicating 
factors  involved  which  create  practical  difficulties. 
Examples  of  additional  development  efforts  along 
these  lines  are  given  in  References  (89)  and  (90) . 

In  contrast  to  the  NDI  methods  which  detect 
the  fatigue  damage  in  the  structure  or  part  itself, 
the  three  abo/e  types  of  monitoring  devices  provide 
an  indication  of  a  fatigue  damage  indirectly  by 
employing  a  secondary  element  that  ‘s  attached  cr 
bonded  to  the  surfaces  at  selected  locations.  A 
failure  of  the  bond  would  make  these  devices 
inoperative.  Another  limitation  is  the  fact  that 
these  devices  can  be  attached  only  to  smooth  sur¬ 
faces  which  are  often  not  the  most  critical  loca¬ 
tions  at  which  fatigue  cracks  initiate.  There¬ 
fore,  an  experimental  correlation  involving  testing 
is  frequently  needed  to  establish  the  relation 
between  the  behavior  of  these  monitoring  devices 
located  in  the  vicinity  of  a  critical  location  and 
the  failure  occurring  at  these  critical  locations. 

Fatigue-Damage  Detection  Under 
Field  and  Service  Conditions 

The  above  review  was  limited  to  nondestruct¬ 
ive  approaches  to  fatigue-damage  detection  that  are 
either  used  in  the  field  already  or  that  have  been 
considered  as  potentially  useful,  even  though  same 
of  the  latter  may  never  be  developed  to  a  degree 
of  being  practical  NDI  methods  for  field  and 
service  use.  It  should  be  noted  that  there  are 
other  methods,  not  mentioned  above,  that  can  be 
used  for  fatigue-damage  detection  under  labora¬ 
tory  conditions.  The  most  powerful  method  of 
detecting  damage  at  a  very  early  state  of  the 
fatigue  process  involves  the  use  of  electron  micro¬ 
scopy,  which  usually  requires  the  destruction  ot 
the  test  specimen.  Some  other  methods  (e.g.,  such 
as  X-ray  diffraction  analysis)  can  also  be  employed 
in  the  laboratory  to  study  the  fatigue  mechanism. 

As  mentioned  alreadty,  however,  there  i!  a  great 
difference  between  the  detection  of  fatigue  damage 
in  the  laboratory  and  under  field  or  service  con¬ 
ditions.  Of  the  various  NDI  approaches  reviewed 
above,  other  than  those  that  are  already  in  field 
use,  none  appears  to  be  readily  adaptable  to  various 
field  applications  in  the  near  future.  The  fatigue 
damage  indicators  also  do  not  appear  to  be  in 
general  field  use  at  present.  Therefore,  the  re¬ 
mainder  of  this  discussion  is  limited  to  the  field 
application  of  the  existing  NDI  methods  that  are 
capable  of  detecting  fatigue  cracks  of  various 
sizes. 

In  the  application  of  any  NDI  method  for 
the  prediction  and  prevention  of  a  failure,  the 
important  considerations  are  what  to  inspect,  where 
(what  locations)  to  inspect,  when  to  inspect,  how 
to  inspect,  and  how  to  interpret  the  results  of 
the  inspection.  The  parts  or  structures  that  are 
subjected  to  fatigue  loading  and  their  critical 
locations  are  usually  known  from  the  design  con¬ 
siderations  or  from  previous  experience.  Most  of 
the  inspection  methods  in  field  use  require  that 
the  surfaces  to  be  inspected  be  accessible.  This 
often  requires  disassembly  of  components  to 
expose  the  critical  location  and  surfaces  of 
parts.  Disassembly  and  asseobly  of  components 
might  sometimes  be  a  cause  of  subsequent  failures 
because  of  human  error.  Sometimes  such  disassembly 
and  assembly  are  quite  involved  and  some  components, 
such  as  riv'-ed  structures  or  press-fitted  parts. 


cannot  be  disassembled  without  destroying  the  joints. 
The  latter  might  damage  the  joined  parts.  Additional 
difficulties  may  a^ise  if  the  design  of  a  part  (e.g., 
a  casting)  is  such  that  the  critical  locations  are 
inaccessible.  It  is,  therefore,  a  good  practice  to 
design  fatigue  sensitive  parts  and  structures  in 
such  a  manner  that  the  critical  locations  would  be 
ar-»ssible  for  inspection. 

The  establishment  of  inspection  period  is 
another  problem.  Although  attempts  have  been  made 
to  develop  fatigue-damage  indicators  or  monitors  to 
provide  a  warning  of  an  incipient  failure  on  a  con¬ 
tinuous  basis,  almost  all  inspection  methoas  used 
routinely  in  the  field  today  are  still  those  that 
are  employed  periodically  in  accordance  with  some 
schedules.  The  establishment  of  these  schedules, 
whether  at  fixed  or  varying  intervals,  is  based  on 
several  considerations  such  as  the  required  relia¬ 
bility  of  the  equipment,  the  consequences  of  a 
failure,  costs  involved  in  an  inspection,  and  the 
time  lost  or  th^  equipment  unavailability  during 
the  inspection.  From  the  economical  and  operational 
points  of  view,  the  periods  between  inspections 
should  be  as  long  as  possible.  To  prevent  the 
occurrence  of  a  fatigue  failure,  however,  these 
periods  should  be  short  enough  to  assure  that  a 
fatigue  damage  that  either  is  detected  and  is  small 
or  remains  undetected  during  an  inspection  would  not 
progress  to  a  fatigue  failure  (fracture)  before  the 
next  inspection.  Therefore,  if  the  fatigue  damage 
can  be  detected  earlier,  the  periods  between  inspec¬ 
tions  can  be  longer.  The  optimum  frequency  of  in¬ 
spections  for  a  given  application  depends  also  en 
the  fatigue-crack  propagation  rates  for  this  par¬ 
ticular  application.  As  was  discussed  earlier,  a 
considerable  amount  of  both  theoretical  and  ex¬ 
perimental  work  has  been  conducted  on  fstigie-crack 
propagation  and  practical  experience  has  been  gained 
in  many  applications.  In  many  cases  the  crack- 
propagacion  phase  constitutes  the  major  portion  of 
the  fatigue  life  of  a  part.  In  these  cases,  it 
would  be  uneconomical  to  replace  the  part  as  soon 
as  a  tiny  fatigue  crack  is  observed  if  the  part  is 
still  capable  of  performing  its  function  for  a  con¬ 
siderable  time.  Here,  th<;  inspection  period  should 
be  established,  based  on  the  available  knowledge, 
so  that  the  next  inspection  would  be  performed  be¬ 
fore  the  crack  could  grow  to  a  critical  size.  Ob¬ 
viously,  the  larger  is  the  observed  crack,  the 
shorter  should  be  the  interval  to  the  next  inspec¬ 
tion.  In  applications  where  the  fatigue-crack 
propagation  rates  are  known  to  be  high,  it  may  be 
better  to  replace  or  to  rep.cir  the  part  as  soon  as 
a  fatigue  crack  is  detected  than  to  schedule 
another  inspection  after  a  very  short  time  period. 

Kith  regard  to  the  question  as  to  how  to 
inspect  and  which  of  the  NDI  methods  to  use,  there 
are  "o  generally  valid  answers.  There  is  not  a 
single,  universally  useful  NDI  method  that  could 
be  applied  to  all  materials,  all  situations  and 
their  specific  requirements,  and  all  applications. 
Rather,  there  are  several  NDI  methods  and  techniques, 
each  having  its  advantages,  limitations,  and  compli¬ 
cating  factors.  The  problem  is  to  select  the  right 
method  for  the  application  and  to  apply  it  correctly. 
This  selection  may  depend  on  the  application  itself, 
on  the  materials,  on  the  avcilable  NDI  equipment, 
on  the  available  experience  and  skills,  on  costs  of 
the  inspection,  and  on  other  factors. 

The  visual  inspection  method  is  by  far  the 
most  widely  used.  Even  when  the  presence  of  a 
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fatigue  crack  is  first  detected  by  some  other  NDI 
method,  the  final  evaluation  and  assessment  of  this 
crack  is  often  done  by  visual  means,  supplemented 
bv  optical  aids.  It  is  helpful,  under  certain  cir¬ 
cumstances,  to  sub  joe*  *'he  surfaces  to  be  inspected 
io  a  tension  load.  This  opens  the  cracks  which 
might  otherwise  be  tightly  closed  end  difficult  to 
find.  The  liquid  penetrant  and  magnetic  particle 
inspection  methods  can  be  consiuered,  in  a  sense, 
as  extensions  of  the  visual  inspection  method  in 
.1  \t  they  give  a  direct  indication  of  the  presence 
ui  x  crack. 

NDT  methods  such  as  magnetic  (other  than 
magnetic  pc  *icles),  radiographic,  ultrasonic, 
and  eddy  current  provide  a  signal  or  readout  which 
has  to  be  interpreted  in  terms  of  the  incurred 
fatigue  damage  (unless  supplemented  by  visual 
inspection) .  This  often  has  to  be  done  by  inference, 
which  may  lead  to  errors  in  interpretation.  There¬ 
fore,  the  use  of  these  NDI  methods,  as  well  as  all 
the  others,  requires  certain  i-ills  and  experience 
and  the  field  of  NDI  is  still  an  art  as  well  as 
teiAnology  and  science. 

Despi. a  the  availability  of  several  NDI 
methods,  there  are  still  applications  where  these 
methods  a--e  difficult  to  employ  and  cases  where 
the  application  of  NDI  proves  to  be  unfeasible 
becau.  the  practical  difficulties  encountered. 
This  explains  the  continuous  development  efforts 
directed  toward  inproving  the  existing  NDI  methods, 
toward  making  them  more  versatile,  and  toward 
developing  new  methods.  It  should  also  be  noted 
that  somi  applications  require  that  the  existing 
methods  be  modified  or  some  special  NDI  methods 
be  developed  for  these  particular  applications. 

CONCLUSIONS  AND  RECOMMENDATIONS 

An  observation  by  an  attendee  at  the  1967 
International  Committee  on  Aeronautical  Fatigue 
(ICAF)  meeting  was  that  the  U.  S.  effort  in  the 
area  of  fatigue  of  materials  and  structures  is 
enormous  so  that  "the  U.S.  representative  had 
limited  success  in  providing  a  full  picture  (of 
just  recent  developments  with  respect  to  aircraft) 
simply  due  to  volume".  This  increasing  volume 
of  data  presents  one  outstanding  area  of  concern 
in  regard  to  full  utilization  of  existing  knowledge. 
As  indicated  eailier,  there  are  continuing  efforts, 
particularly  with  respect  to  materials  widely  used 
in  aircraft,  to  collect  and  assess  and  present 
material  fatigue  properties.  In  some  other  areas, 
such  as  structural  steels,  there  are  less  adequate 
compilations.  Providing  a  reasonably  complete, 
up-to-date,  carefully  evaluated,  well-arranged 
fatigue-data  collection  is  an  immense  task  tut  seems 
a  real  need. 

Many  gaps  exist  in  present  information. 

These  include  (but  are  not  limited  to):  lack  of 
data  on  some  materials  and  their  processing,  lack 
of  H«ta  for  some  conditions  of  loading  (for  example, 
•>nder  spectra  of  many  levels),  lack  of  engineering 
understanding  of  the  stages  of  crack  initiation  and 
crac*.  propagation,  and  lack  of  information  on 
interactions  of  material  with  environment  (such  as 
temperature  and  surrounding  fluids) ,  Almost  any 
such  gap  in  engineering  information  is  important  to 
some  applications.  Priorities  in  ;ffort  to  fill  in 
these  gaps  depend  on  many  factors  which  are  outside 
the  scope  of  the  survey.  It  has  even  been  impossible 


to  estimate  technical  needs  in  any  depth  on  account 
of  lack  of  the  extensive  information  on  service 
problems  that  would  be  necessary  to  form  valid 
judgments.  Some  areas  that  art  receiving  much 
attention  are:  fatigue-crack  propagation  and  frac¬ 
ture,  low-cycle  fatigue,  analysis  of  load  environ¬ 
ments,  influence  of  metallurgical  variables,  and 
methods  of  crack  and/or  damage  detection. 

The  very  many  parameters  that  have  been 
shown  to  affect  fatigue  behavior  influence  the 
approaches  and  methodology  of  inspection  to  detect 
incipient  damage.  One  concern  is  whether  detection 
of  a  very  small  crack  will  be  valuable  in  a  specific 
situation  or  whether  it  is  urgent,  in  that  situation, 
to  detect  damage  prior  to  the  existence  of  a  small 
crack.  Another  concern  is  the  necessary  frequency 
of  inspection  in  view  of  service  requirements.  It 
is  important  to  keep  in  mind  that  different  types 
of  processing  and  different  kinds  of  surfacing  and 
different  types  of  stressing  affect  the  pre-crack 
damage  md  the  crack  growth  rate;  inspection  pro¬ 
cedures,  therefore,  depend  upon  such  varied  factors. 

With  regard  to  fatigue-damage  detection  by 
mean)  of  NDI  methods,  the  situation  is  somewhat 
similai  to  that  of  fatigue  data.  There  is  a  large 
amount  of  published  information  scattered  throughout 
nondestructive-testing  and  fatigue  literature.  In 
fact,  one  could  speak  of  an  in.ormation  "explosion" 
in  this  area.  On  the  other  hand,  this  information 
has  not  been  compiled  and  assessed;  hence, 
full  utilization  of  the  existing  knowledge  is 
difficult.  Moreover,  there  appears  to  be  a  lack  of 
description  of  appMcetions  of  NDI  methods  to  fatigue 
danage  detection  under  field  and  service  conditions 
and  on  the  problems  encountered  in  these  applications. 
Thus,  the  experience  gained  ar.d  the  knowledge  devel¬ 
oped  in  a  specific  application  is  often  not  being 
transferred  to  a  similar  application.  Consequently, 
a  high-effort  survey  and  assessment  of  the  avail¬ 
able  information  on  NDI  methods  as  applied  speci¬ 
fically  to  fatigue-damage  detection  appears  to  be  a 
real  need. 

Presently  available  NDI  methods  for  field 
and  service  use  permit  detection  of  fatigue  cracks 
of  various  sices.  Further  development  will  lead 
to  improvement  in  resolution  (that  i3,  in  ability 
to  detect  even  smaller  cracks)  but  it  is  doubtful 
that  these  methods  will  be  able  to  detect  damage 
prior  to  crack  initiation.  Consequently,  the 
development  of  new  methods  that  can  detect,  in  field 
use,  very  early  damage  is  highly  desirable.  Although 
several  methods  have  beer,  noted  as  under  current 
study,  none  of  these  now  show  clear  promise  for  the 
immediate  future. 


Manson,  S.  S.  and  Halford,  G.,  "A  Method  of 
Estimating  High  Temperature  Low  Cycle  Fatigue 
Behavior  of  Materials",  NASA  Technical  Memo 
X-52270  (1367). 


REFERENCES 


Prevention  of  the  Fatigue  of  Metals  Under 
Repeated  Stress,  prepared  by  3attelle  Memorial 
Institute  for  Navy/Bureau  of  Aeronautics, 
published  by  John  Wiley  and  Sons  (1941) . . 


Boblenz,  T.  L.  and  Rolfe,  S.  T.,  "Low  Cycle 
Fatigue  Characteristics  of  HY-130  (T)  Weld¬ 
ments",  U.  S.  Steel  Technical  Report  (June, 
1967). 


Grover,  H.  j . ,  Gordon,  S.  A.,  and  Jackson, 

L.  R.,  Fatigue  of  Metals  and  Structures, 
NAVWEPS  Contract  00-25-534,  U.  S.  Government 
Printing  Office  (1954) . 


Prouty,  R.  S.,  Ball,  K.  G. ,  and  Smith,  R.  L., 
"Study  of  Low  Cycle  Fatigue  in  6A1-4V  Titanium 
Alloy",  ASTM  Symposium  on  Applications-Related 
Phenomenon  in  Titanium  Alloys  (April,  1967). 

Crocker,  T.  W.  and  Lange,  E.  A.,  "Low  Cycle 
Fatigue  Crack  Propagation  in  9Ni-4Co-0.25C 
Steel  in  Air  and  in  3.5  Percent  Salt  K”iter", 
NRL  Report  6513  (August,  1966). 


Grover,  H.  J.,  Fatigue  of  Aircraft  Structures 
NAVAIF.  Contract  Ul-lA-13,  U.  S.  Government 
Printing  Office  (1966) . 


(4)  Forrest,  P.  G. ,  Fatigue  of  Metals,  Pergamon 
Press  (1962). 


Thermal  Stress  and  Low-Cycle 


Manson,  S  S  _ _ _ 

Fatigue,  (cGraw-Hill  Book  Co.  (1966 


McDonald,  R  and  Watson,  P.  0.,  "Low-Cycle 
Fatigue  Strengths  of  Oissimilar  Weldments", 
Southwest  Research  Institute  Topical  Report 
No.  3  (May  23,  1966). 


(6)  Harris,  W.  J.,  Metallic  Fatigue,  Pergamon 
Press  (.1961) . 


Sines,  George,  and  Waisman,  J.  L. ,  Metal 
Fatigue,  McGraw-Hill  Book  Co.  ( 1959J"! 


(25)  Cammett,  J.  T.  and  Popp,  H  G. ,  "Application 
cf  Low  Cycle  Fatigue  Design  Criteria  to 
Ti-6A1-4V  at  Room  Temperature",  paper  pre¬ 
sented  at  ASTM  Symposium,  Los  Angeles,  Cal. 
(April  18-19,  1967). 

(26)  Carden,  A.  E.,  Kyzer,  R.  0.,  and  Vogel,  W.  H. 
"Low-Cycle  Fatigue  of  Three  Superalloys  Under 
Cyclic-Extension  and  Cyclic-Temperature  Con¬ 
ditions",  ASTM  Reprint  No.  67-MET-19  (1967). 


(8)  "Fatigue--An  Interdisciplinary  Approach", 

Proc.  10th  Sagamore  Arm)'  Research  Conference, 
Edited  bv  John  J.  Burke,  Norman  L.  Reed,  and 
Volker  Weiss,  Syracuse  University  Press  (1964) 


(9)  Fatigue  of  Aircraft  Structures,  ASTM  Special 
Technical  Publication  No.  203  (1956) . 


le  Testing  Machines  and  Their  Re- 
Special  Technical  Publication  No 


(10)  Large  Fatlgi 
suits,  ASTM 
216  (3957). 


Coffin,  L.  F. ,  Jr.,  "Introduction  to  High- 
Temperature  Low-Cycle  Fatigue",  Experimental 
Mechanics,  Vol  8,  No.  5,  pp  218  (May,  196877 


Peterson,  R.  E.,  "Fatigue  of  Metals  in  Engi¬ 
neering  and  Oesign",  ASTM  Edgar  Marburg  Lecture 
(1962). 


(28)  Erdogan,  Fazil,  Crack  Propagation  Theories 
NASA  Contractor  Report  NAS  CR-901  (October 
1967). 


Symposium  on  Acoustic  Fatigue,  ASTM  Special 
Technical  Publication  No.  284  (1961). 


Crooker,  T.  W.  and  Lange,  E.  A.,  "Low  Cycle 
Fatigue  Crack  Propagation  Resistance  of 
Materials  for  Large  Welded  Structures", 

ASTM  Special  Technical  Publication  No.  415 
(1967). 


(13)  Gough,  H.  J.,  ASTM  Marburg  Lecture  (1933) 


Orowan,  E.,  "Theories  of  the  Fatigue  of  Metals' 
Proc.  Royal  Society  of  London,  Vol  171A,  p  79 
(1936) T 


Crooker,  T.  K. ,  Cooley,  L.  A.,  and  Lange, 

E.  A.,  "Fatigue  Crack  Propagation  and  Fractur: 
Studies  of  a  Pressure  Vessel  Steel  Temper 
Embrittled  to  Simulate  irradiation  Damage", 
NRL  Memorandum  Report  1822,  published  in 
Welding  Research  Council  Bulletin  No.  126 
(November,  1967). 


(15)  Hardrath,  H.  H.,  "A  Review  of  Research  on 
Aeronautical  Fatigue  in  the  United  States" 
presented  at  International  Committee  on 
Aeronautical  Fatigue,  Melbourne,  Australia 
(May,  1967). 


Crooker,  T.  W.  and  Lange,  E.  A.,  "The  Effects 
uf  an  Aqueous  Environment  on  the  Fatigue  Crack 
Propagation  Characteristics  of  Titanium  Alloys' 
NRL  Report  6588  (September  18,  1967),  to  be 
published  in  ASTM  Special  Technical  Publica¬ 
tion  No.  432. 


(16)  Cummings,  H.  N.,  "Some  Quantitative  Aspects  of 
Fatigue  of  Materials",  WAD0  TR-60-42  (July, 
1960), 


"Metallic  Materials  and  Elements  for  Aerospace 
Vehicle  Structures",  MIL-K0BK-5A  (February  8, 
1966) . 


Pierce,  W.  S.,  "Crack  Growth  in  2014-T6  Alu 
minum  Tensile  ar.d  Tank  Specimens  Cyclically 
Loaded  at  Cryogenic  Temperatures",  NASA 
Technical  Note  0-4541  (April,  1968). 


(18)  Aerospace  Structural  Metals  Handbook,  ASD- 
TDR63-741,  Vols  I,  II,  and  III,  Syracuse 
University  Research  Institute  (March,  1967) 


Crooker,  T.  W. ,  Morey,  R.  E.,  ar.d  Lange,  E.  A. 
"Low  Cycle  Fatigue  Crwc1-  Propagation  Character¬ 
istics  of  Monel  and  Monel  k-500  Alloys", 
NRL  Report  6223  (March  10,  1965). 


le  Highway  .structures  Design  Handbook,  U.  S 


Steel  Corporation  (1965 


20 


(34)  Crooker,  T.  H'.  and  Lange,  E.  A.,  "Corrosion- 
Fatigue  Crack  Propagation  in  Modem  High- 
Performance  Structural  Steels",  Trans.  ASM, 

Vol  60,  No.  2,  pp  198  (June,  1967). 

(35)  Judy,  R.  W. ,  Jr.,  Crooker,  T.  W. ,  Morey,  R. 

E  ,  Lange,  E.  A.,  and  Goodi,  R.  J.,  "Low- 
Cycle  Fatigue-Crack  Propagation  and  Fracto- 
graphic  Investigation  of  Ti-7Al-2Cb-lTa  and 
T1-6A1-4V  in  Air  and  in  Aqueous  Environments", 
Trans.  ASM,  Vol  59,  No.  2,  pp  195  (June, 

1966) . 

(36)  Crooker,  T.  W.  and  Lange,  E.  A.,  "Low  Cycle 
Fatigue  Crack  Propagation  in  9Ni-4Co-0.25C 
Steel  in  Air  and  3.5  Percent  Salt  Mater", 

NRL  6513  (August,  1966), 

(37)  Nachtigall,  A.  J.,  KUma,  S.  J.,  and  Freche, 

J.  C. ,  "Fatigue  of  Liquid  Rocket  Engine  Metals 
at  Cryogenic  Temperatures  to  -452  F  (4  K)", 
NASA  Technical  Note  D-4274  (December,  1967). 

(38)  Acoustical  Fatigue  in  Aerospace  Structures, 
edited  by  mT~ J .  Trapp  and  D .  M  Forney,  Jr. , 
Syracuse  University  Press  (June,  1D65). 

(39)  Smith,  C.  I  .,  Tips  on  Fatigue ,  prepared  for 
BuNaval  Weapons,  puv  isRedby  U.  S.  Govern¬ 
ment  Printing  Offire  (1963). 

(40)  Aircraft  Designer's  Handbook  for  Titanium  and 
Titanium  Alloys,  SST65-8,  prepared  by  Battelle 
Memorial  Institute,  Contract  FA-SS-65-6 
(August,  1965). 

(41)  Hyler,  W.  S.  and  Deel,  0.  L.,  "Summary  of 
Fatigue  Information  on  T1-6A1-4V  Alloy", 

DMIC  Technical  Note  (October  5,  1967). 


(48)  Nondestructive  Testing  Handbook,  Edited  by 
Robert  C.  McMastcr ,  'ihe  ftora Id  Press  Co., 

New  fork,  N.  Y.,  2  Volumes  (1959). 

(49)  McGonnagle,  Warren  J.,  Nondestructive  Testing, 
McGraw-Hill  book  Co.,  New  York,  N  Y.  (1961). 

(50)  Dodge,  D.  D.,  "Principles  and  Applications  of 
Non-Destructive  Testing",  ASME  Paper  No. 
61-WA-323,  presented  at  ASMU  Winter  Annual 
Meeting,  New  York,  N.Y.,  (Nov.,  1961). 

(51)  McGonnagle,  W.  and  Park,  F.,  "Nondestructive 
Testing",  Materials  Evaluation,  Vol  XXII, 

No.  12,  pp  S61-S/4  Tbcc.,  1964). 

(52)  Betz,  Carl  E.,  Principles  of  Penetrants , 
Magnaflux  Corporation,  Chicago,  Illinois 
(1963). 

(53)  McEleney,  P.  C.,  "Crack  Depth  Leakage  Flux 
Characteristics  in  Ferromagnetic  Materials", 
Natertown  Arsenal  Laboratories,  Technical 
Report  No.  WAL  TR148.  1/1  (April,  1960). 

(54)  Cory,  N.  E.,  Owen,  T.  E.,  and  Rollwitz,  W.  L., 
"Detection  of  Latent  Fatigue  in  Metals  and 
Alloys",  Southwest  Research  Institute,  San 
Antonio,  Texas,  Final  Report  (prepared  under 
Navy  Contract  N0as-59-6202-C)  (June,  1960). 

(55)  Kusenberger,  F.  N. ,  Barton,  J.  R. ,  Fogwell, 

W.  J.,  and  Barsun,  H.  F. ,  "Development  of  a 
Test  Device  Utilizing  a  Practical  Nondestruc¬ 
tive  Test  Technique  to  Detect  Fatigue  Damage 
in  Metals  and  Alloys",  Southwest  Research 
Institute,  San  Antonio,  Texas,  Final  Report 
(prepared!  under  Navy  Contract  N0w-61-0685-c) 
(June  1962). 


(42)  Hyler,  W.  S.  and  Deel,  0.  L.,  "Review  of 
Fatigue  Data  on  Titanium  Alloys",  DMIC 
Technical  Note  (January  26,  1968). 

(43)  Matusovich,  C.  J.,  "Evaluation  of  Two  Titani¬ 
um  Forging  Alloys",  USAAVLABS  Technical  Re¬ 
port  67-43,  Contract  DA  44-177-AMC-256(T) 
(August,  1967). 

(44)  "Engineering  Survey  of  Aircraft  Structural 
Failures  Caused  by  Corrosion,  Fatigue,  and 
Abrasion",  University  of  Oklahoma  Research 
Institute,  Final  Report  on  Task 
1D121401AI4203,  Contract  DA  44-177-AMC-98(T) 
(July,  1964). 

(45)  Grover,  H.  J.  and  Holden,  F.  C.,  "A  Survey 
Report  on  Fatigue  in  Cannon  Bores",  DMIC 
Report  S-13  (May  1,  1967). 

(46)  Prouty,  R.  S  ,  Boll,  K.  G.,  and  Smith,  R.  L,, 
"Study  of  Low  Cycle  Fatigue  in  6A1-4V  Titani¬ 
um  Alloy",  presented  at  Symposium  on  Applica- 
ticns--Related  Phenomena  in  Titanium  Alloys 

at  ASTM,  Los  Angeles,  Cal.  (April  18-19,  1967). 

(47)  Schwab,  R.  C.  and  Czyryca,  E.  J.,  "The  Effect 
of  Mean  Deflection  on  the  Low-Cycle  Fatigue 
Behavior  of  SNi-Cr-Mo-V,  HY-130  Steel",  Proj . 
SF-020-01-01-A,  Task  17578,  NSRDC  2585, 

25  p  (January,  1968). 


(56)  Fogwell,  J.  W.,  Kusenberger,  F. ,  and  Donaldson, 
W.  L.,  "Nondestructive  Evaluation  of  Metal 
Fatigue",  Southwest  Research  Institute,  San 
Antonio,  Texas,  Final  Report  (prepared  under 
AF0SR  Contract  No.  AF49 (638) -1147)  (March, 

1963)  . 

(57)  Kusenberger,  F.  N.,  Leonard,  B.  E.,  Barton, 

J.  R.,  and  Donaldson,  W.  L. ,  "Nondestructive 
Evaluation  of  Metal  Fatigue",  AF0SR  Scientific 
Report  65-0981  (March,  1965) . 

(58)  Kusenberger,  F.  N. ,  Leonard,  B.  E. ,  Pasley, 

R.  L. ,  Barton,  .T.  R.,  and  Donaldson,  W.  L., 
"Nondestructive  Evaluation  of  Metal  Fatigue", 
AFOSR  Scientific  Report  (Contract  AF  49(638)- 
1502)  (March,  1966). 

(59)  Kusenberger,  F.  N. ,  Leonard,  B.  E. ,  Barton, 

J.  R.,  and  Donaldson,  N.  L. ,  "Nondestructive 
Evaluation  of  Metal  Fatigue",  AFOSR  Scientific 
Report  67-1288  (April,  1967). 


(60)  Clauser,  H. ,  Practical  Radiography  for  Indus¬ 
try,  Reinhold  Book  Corporation,  New  York, 

N.Y.  (195$) . 


(61)  Radiograph^,  in  Modern  Industry ,  Eastman  Kodak 
Company,  Rochester,  N.Y.,  2nd  Edition  (1957). 


(62) 


Lytel,  A.  H. ,  Industrial  X-Ray  Handbook,  H.  K. 
Sans  and  Co.,  Indianapolis,  Ind.  (1962). 


(L3)  Btrger,  H.,  Neutron  Radiography,  Elsevier 
Publishing  Co.,  New  York,  N.Y. ,  (1965). 


Nucleai  Science  and  Engineering  Corporation, 
"Investigation  of  Nuclear  Methods  for  Detection 
of  Incipient  Stage  Fatigue  Failure",  U.S.  Naval 
Air  Engineering  Center,  Report  No.  NABC-ASL- 
1077  (Jan.,  1965). 


(64)  Hueter,  T.  F.,  and  Bolt,  R.  H.,  Sonics .  John 
Wiley  Sons,  Inc.,  New  York  N.Y.  (1955). 


(Cl  Frederick,  J.  R. ,  Ultrasonic  Engineering, 

John  Wiley  6  Sons,  Inc., 'New  York,  N.Y.  (1965) 


Tint,  G.  S.,  and  Herman,  M. ,  "The  Feasibility 
of  Utilizing  Thermal  Detecting  Devices  to 
Determine  Fatigue  Damage  in  Metals",  The  Frank' 
lin  Institute,  Preliminary  Report  prepared  for 
the  Naval  Air  Material  Center  (Contract  N156- 
41587)  (Dec.,  1962). 


(66)  Sittel,  K. ,  Herman,  M. ,  and  Good,  R.  C.,  Jr., 
"Early  Detection  of  Fatigue  In  Aluminum 
Alloys  by  Ultrasonics",  WADC  Technical  Report 
58-35  (May,  1958). 


Schmitz,  G. ,  and  Levine,  M.,  "Investigation  of 
Fatigue  Failure  Detection  Systems  Using  Infrared 
Techniques",  Technical  Documentary  Report  No. 
RTD-TDR-63-4293  (Oct.,  1964). 

Kubiak,  E.  J.,  and  Frank,  L.  M. ,  "Development 
of  Laboratory  'todel  Fatigue  Crack  Detection 
Device  Based  on  Infrared  Techniques",  Techni¬ 
cal  Report  AFFDL-TR-67-39  (Oct.,  1967). 


(67)  Truell,  R. ,  Chick,  8.,  Picker,  A.,  and 

Anderson,  G.,  "The  Use  of  Ultrasonic  Methods 
to  Determine  Fatigue  Effects  in  Metals", 

WADC  Technical  Report  59-389  (Nov.,  1959). 


(68)  Truell,  R. ,  Chick,  B.,  Anderson,  G. ,  Elbaum, 
u. ,  and  Findley,  W. ,  "Ultrasonic  Methods  for 
the  Study  of  Stress  Cycling  Effects  in  Metals' 
WADD  Technical  Report  60-920  (April,  1961). 


(83)  Redstreake,  W.  N. ,  "Metals 
Fatigue",  The  Iron  Age,  Vo 
pp  97-99  (Sept.  19,  1963). 


Sound  Off 


Rasmussen,  J.  G. ,  "Preduction  of  Fatigue 
Failure  Using  Ultrasonic  Surface  Waves", 
Nondestructive  Testing,  Vol  XX,  No.  2,  p; 
103-110  (March-April ,1962) . 


(84)  Weiss,  V.,  Krause,  G. ,  and  Chave,  C.,  Jr. 
"Crack  Initiation  in  Metallic  Materials", 
Syracuse  University  Research  Institute, 
Quarterly  Progress  Report  Nos.  2  6  3  (Con¬ 
tract  N0w-65-035Sd) ,  (Jan.,  1966). 


(70)  Socky,  R.  B.,  "The  Use  of  Ultrasonics  in 
Fatigue  Testing",  Materials  Evaluation, 
Vol  XXII,  No.  11,  pp  S 09-515  (Nov. ,  1964 


Klima,  S.  J.,  Lesco,  D.  J. ,  and  Freche,  J.  C. , 
"Ultrasonic  Technique  for  Detection  and 
Measurement  of  Fatigue  Cracks",  NASA  Technical 
Note  D-3007  (Sept.,  1965). 


Grosskreutz,  J.  C.,  and  Benson,  D.  K.,  "The 
Emission  of  Exo-Electrons  from  Aluminum  During 
Fatigue",  Midwest  Research  Institute,  Final 
Report  (NASA  Contract  No.  NASr-63(02)) ,  (Oct., 
1963). 


Lautzenheiser,  C.  E. ,  Whiting,  A.  R. ,  and 
Wylie,  R.  E. ,  "Crack  Evaluation  and  Growth 
During  Low-Cycle ^Plastic  Fatigue  --  Non¬ 
destructive  Techniques  for  Detection", 
Materials  Evaluation,  Vol  XXIV  No.  5  pp 
241-248  (May,  1966). 


(86)  Foster,  H.  W.,  "A  Method  of  Detecting  Incipient 
Fatigue  Failure",  Proc.  Soc.  Exp.  Stress  Anal., 
Vol  4,  No.  2,  pp  2fc-3l  (1947). 


(87)  Christensen,  R.  H. ,  "Fatigue  Cracking,  Fatigue 
Damage,  and  Their  Detection",  Chapter  17, 

Metal  Fatigue,  Edited  by  G.  Sines  and  J.  L. 
Wail can,  McGraw-Hill  Book  Co.,  New  York,  N.Y. 

(191-9. 


Libby,  H.  L. ,  "Basic  Principles  and  Techni¬ 
ques  of  Eddy  Current  Testing”,  Nondestructive 
Testing,  Vol  XIV,  No.  6,  pp  12-18,  27 
(Nov. -Dec.,  1956). 


(88)  Ha-'-ting,  D.  R.,  "The-S/N-Fatigue-Life  Goge 
A  Direct  Means  of  Measuring  Fatigue  Damage' 
Experimental  Mechanics,  Vol  6,  Ho.  2,  pp 


(89)  Home,  R.  S.,  "A  Feasibility  Study  for  ’•he 
Development  of  a  Fatigue  Damage  Indicator", 
Technical  Report  AFFDL-TP.-66-113  (Jar..,  1967) 


Garbarino,  H.  L.,  and  Nerwin,  H.  N. ,  "Progress 
in  Technology  and  Equipment  for  Eddy  Current 
Inspection",  Nondestructive  Testing,  Vol 
XVI 1,  No.  4,  pp  229-234  (July-Aug.”  1959). 


(90)  Matlock,  R.  W.,  "An  Evaluation  of  Fatigue  Damage 
Gages",  AIAA  Paper  No.  67-794  presented  at  the 
AIAA  Fourth  Annual  Meeting,  Anaheim,  California 
(Oct.,  1967). 


(76)  Seidel,  R.  A.,  "Eddy  Current  Testing",  Metal 
Progress „  Vol  83,  No.  5,  pp  S7-90  (May ,"15 ST) 

(77)  Wilcox,  L.  C.,  Jr.,  "Prerequisites  for  Quan¬ 
titative  Eddy  Current  Testing",  Materials 
Evaluation,  Vol  XXV,  No.  10,  pp  237-244 
T0cE7T967). 


Smith,  G.  H. ,  and  McMaster,  R.  C.,  "Current 
Aerospace  Applications  Using  MRA  Eddy  Current 
Test  Systems",  Materials  Evaluation,  Vol  XV, 
No.  12,  pp  283-288  (Dec.,  1967). 


M 

-,  =  V 

isilii! 

Silll 


’  ,V  -j 


Yr  >  .  ' 

-<3 


Unclassified _ 

Security  CUmiflcation 


DOCUMENT  CONTROL  DATA  •  R4D 

(Stcisrity  cli**/IZcd(/on  of  fffft,  tody  ol  sb*t*mtt  *nd  Ind»xln0  mnnot*finn  imr«f  6®  «nf«*rxf  afion  owrtll  report  /•  cta#*///#<ff 


1.  0*UGIMATING  ACTIViry  muihor) 

Battel le  Memorial  Institute 

Defense  Metals  Information  Center 

505  King  Avcsue,  Columbus,  Ohio  43201 


2«.  ntPORT  secuniTv  c  cassipication 


i  Re«enT  TjfLSf 

Current  Problems  in  Prevention  of  Fatigue 


4.  DSfiCSii^TlVS  friOT&S  fTfim  of  **?»©**  a?w*  d#f*> 


5  Ai* '1‘HOWfi.f  f&-Mt  SUMP*,  &er)tn&m*,  inltioi) 


Grover,  H.  J. ,  and  Mittenbergs,  A.  A 


».  REPORT  CJATSs 


I*.  CONTRACT  e*  tffCANT  NO 

F  3361 5-&8-C- 1325 


DMIC  Report  S-25 


ft.  mr.QJU.cr  no 


‘HKR  REPORT  NOf S)  (Any  sAirmnttn  *•»  mrNmlftrf 


ia.  availability/limitation  notices  Copies  of  this  report  may  be  obtained,  while  the  supply 
lasts,  from  DMIC  at  no  cost  by  U.  S.  Government  agencies,  contractors,  subcontrac¬ 
tors,  and  their  suppliers.  Qualified  requestors  may  also  obtain  copies  from  the 
Defense  Documentation  Center  fPDCl.  Alexandria.  Virginia  22314. _ 


12.  SPONSORING  MILITARY  ACTIVITY 


II.  SUPPLEMENTARY  NOTES 


U.  S.  Air  Force  Materials  Laboratory 
Wright-Patterson  Air  Force  Base,  Ohio 


is.  abstract 

Following  a  brief  section  on  the  basic  mechanisms  of  fatigue,  destructive 
tests  for  measuring  fatigue  effects  are  described.  Current  fatigue  problems  are 
discussed,  including  poor  quality  coni  i\  of  materials,  effects  of  fatigue  on 
behavior  of  residual  stresses  due  to  mechanical  working,  and  of  various  heat 
treatments.  Research  underway  on  long  lifetime  fatigue,  low-cycle  fatigue,  and 
crack  propagation  is  described.  A  discussion  of  methods  for  predicting  and 
preventing  fatigue  damage  leads  into  an  extensive  discussion  of  nondestructive 
test  methods  for  determining  fatigue  damage.  The  many  gaps  in  information  on 
fatigue  and  the  needs  for  future  research  are  pointed  out. 


Unclassified 


S.curity  Classification 


‘  V 


Unclassified 


Securi'  Classification 


link  c 


KEY  WORDS 


Crack  Propagation 
Damage 

Eddy  Current  Testing 
Fatigue  (Materials) 
Fatigue  Failure 
Fatigue  Tests 
Magnetic  Testing 
Mechanical  Properties 
Mechanical  Tests 
Nondestructive  Testing 
Quality  Control 
Radiography 
Ultrasonic  Testing 


INSTRUCTIONS 


1.  ORIGINATING  ACTIVITY:  Enter  tha  nan*  and  address 
of  the  contractor,  subcontractor,  grant**.  Department  of  Da* 
fonao  activity  or  other  organization  (corporate  author)  leaning 
the  report. 

2a.  REPORT  SECUHTY  CLASSIFICATION:  Eater  the  over- 
'Ii  security  clssalflcation  of  the  report.  Indicate  whether 
"Restricted  Data’*  la  Included,  Marking  la  to  be  In  accord¬ 
ance  with  appropriate  security  regulation  a. 

26.  GROUP:  Automatic  downgrading  la  epee  If  led  In  DoD  Di¬ 
rective  S200. 10  and  Armed  Foreea  it  juatrial  Manual.  Enter 
the  group  number.  Also,  when  applicable,  show  that  optional 
markings  have  bean  uaed  for  Group  3  and  Group  4  aa  author¬ 
ized. 

3.  REPORT  TITLE:  Enter  the  complete  report  title  In  ell 
capital  letter*.  Titles  In  all  cases  should  be  unclassified. 

If  a  meaningful  title  cemot  be  selected  without  classifica¬ 
tion,  show  tltlo  classification  In  all  capitals  in  parenthesis 
Immediately  following  the  title. 

4.  DESCRIPTIVE  NOTES:  If  appropriate,  enter  the  type  or 
report,  e.g>.  Interim,  progress,  summary,  annual,  or  final. 

Give  the  Inclusive  dates  when  a  specific  reporting  period  is 
covered. 

5.  AUTHOR(S>  Enter  the  nsme(»)  of  autbcr(e)  re  shown  on 
or  in  the  report.  Enter  lest  name,  drat  name,  m*Jdle  initial. 

If  military,  show  rank  and  branch  o!  service.  The  nests  of 
the  principal  author  is  an  absolute)  minimum  requitraent. 

<L  REPORT  DATE:  Enter  the  dale  of  the  report  as  day, 
month,  yean  oe  month,  yean  If  more  t.ian  one  date  appears 
on  tho  report,  use  date  of  publication. 

7a.  TOTAL  NUMBER  OF  PAGES:  The  totel  page  count 
should  follow  normal  pagination  procedures,  Le.,  enter  the 
number  of  pages  containing  Information 

7b.  NUMBER  OF  REFERENCES:  Enter  the  total  camber  of 
references  cited  In  the  report. 

Se.  CONTRACT  OR  GRANT  NUMBER:  if  appropriate,  enter 
the  applicable  number  of  the  contract  cr  grant  under  which 
the  report  was  written. 

$6,  9c,  8s  8tf.  PROJECT  NUMBER:  Fzstar  the  appropriate 
military  deportment  Identification,  such  a*  project  number, 
subproject  number,  system  numbers,  task  number,  etc. 

9a.  ORIGINATOR'S  REPORT  NUMBEH(S):  Enter  the  offi¬ 
cial  report  number  by  which  the  document  will  be  identified 
and  controlled  by  the  originating  activity.  Thin  number  must 
bo  unique  to  this  report. 

96.  OTHER  REPOVTT  NUKBER(S):  If  the  report  has  been 
assigned  an7  other  report  numbers  (el .her  by  tha  originator 
or  by  Ilia  apontot),  also  enter  this  numbers). 

10.  AVAIL ABILTT  Y/LIMT A '  ON  NOT’CE*  Enter  any  lim¬ 
itations  on  further  dissemination  of  the  report,  other  than  those 


imposed  by  security  classification,  using  standard  statements 
each  as: 

(1)  "Qualified  requesters  may  obtain  copies  of  this 
report  Bom  DDC” 

(2)  ’’Foreign  announcement  and  dissemination  of  this 
report  by  DDC  Is  not  authorized,’’ 

(3)  "U  8.  Go,,  imont  agencies  may  obtain  coplea  of 
this  report  directly  from  DDC.  Other  qualified  DDC 
user*  shall  request  through 


(4)  “U.  S.  military  agencies  may  obtain  copies  of  this 

report  directly  from  DDC  Other  qualified  users 
si  tali  requant  through 


(5)  "All  distribution  of  this  report  la  controllm*  Quel- 
Ified  DDC  usern  shall  request  through 


If  the  report  has  been  furnished  to  the  Office  of  Technical 
Servu  es,  Department  of  Commerce,  for  oalo  to  the  public.  Indi¬ 
cate  thia  fact  and  enter  the  price.  If  known. 

U.  SUPPLEMENTARY  NOTES:  Use  for  additional  explana¬ 
tory  notes. 

12.  SPONSORING  MILITARY  ACTIVITY:  Enter  tho  name  of 
the  departmental  project  office  or  laboratory  cponsorlug  (pay¬ 
ing  (or)  the  research  and  development.  Include  address. 

13.  ABSTRACT:  Enter  an  abstract  giving  a  brief  and  fectau! 
summary  o.'  the  document  indicative  of  the  report,  even  though 
it  may  also  appear  elsewhere  in  the  body  of  the  technical  re¬ 
port.  If  addit'onel  apace  la  required,  a  continuation  sheet  shall 
bs  attached. 

It  la  highly  desirable  that  the  ebstract  of  classified  reports 
be  ink  .aerified.  Each  paragraph  of  the  t  bs  tract  shall  end  with 
an  indication  of  the  military  security  classification  of  the  in¬ 
formation  in  the  paragraph,  represented  mi  (TS),  (S),  (cj,  or  (V). 

There  is  no  limitation  on  the  ;V>:gth  of  the  sbotract.  How 
ever,  the  suggested  length  la  from  ISO  to  225  words, 

14.  KEY  WORDS:  Key  words  are  technlcrl’y  meaningful  terms 
or  short  phrases  that  characterize  a  report  and  may  be  used  as 
index  entries  for  cataloging  the  report.  Key  words  nust  be 
selected  so  that  no  security  ciasaifLnstion  is  required.  Identi¬ 
fiers,  such  as  equipment  model  designation,  trade  name,  military 


project  cede  nune,  geographic  iocetiou,  may  be  uaed  aa  key 
words  but  will  be  followed  by  an  indication  if  technical  con¬ 
text.  The  assignment  of  links,  rules,  and  weights  la  optional. 


Unclassified 


Security  Classification 


